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(54) Magnetoresistive element and magnetic memory device 



(57) A magnetoresistive element has a ferromag- 
netic double tunnel junction having a stacked structure 
of a first antlfGrromagnellc layer (11 )/a firstferromagnet- 
ic layer (12)/a first dielectric layer (13)/a second ferro- 
magnetic layer (14}/a second dielectric layer (1S)/a third 
ferromagnetic layer (16)/a second antiferromagnetic 
layer (17). The second ferromagnetic layer (14) that is 
a free layer consists of a Co-based alloy or a three-lay- 
ered nim of a Co-based alby/a Ni-Fe alloy/a Co-based 
alloy. A tunnel current is flowed between the first ferro- 
magnetic layer (12) and the third ferromagnetic layer 
(16). 
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Description 

[0001] The present invention relates to a magneloresistlve element liaving ferromagnetic double tunnel junction, 
and. a magnetic memory device using the same. 

s [0002] The magnetoresistance effect is a phenomenon that electrical resistance changes when a nragnelic field is 
applied to a ferromagnetic material. As the magnetoresislive element (MR element) using the above effect has superior 
temperature stability within a wide temperature range, It has been used for a magnetic head and a magnetic sensor, 
and the like. Recently, a magnetic memory device (a magnetoresislive memory or a magnetic random access memory 
(MRAM)) has also been fabricated. The magnetoresislive element has been required to have high sensitivity to external 

10 magnetic field and quicl< response. 

[0003] In recent years, there has been found a magnetoresislive element having a sandwich film in which a dielectric 
layer is inserted between two ferromagnetic layers, and uses tunnel currents flowing perpendicularly to the film, so- 
called a ferromagnetic tunnel junction element (tunnel junction magnetoresislive element, TMR). The ferromagnetic 
tunnel junction element shows 20% or more of a change rate in magnetoresistance (J, Appl. Phys. 79, 4724 (1996)). 

75 Therefore, there has been an increased possibility to apply the TMR to a magnetic head and a magnetoreslstlve mem- 
ory. However, there is a problem that the magnetoresistance (MR) change is considerably decreased in the ferromag- 
netic single tunnel junction element, when a voltage to be applied is Increased to obtain required output voltage (Phys. 
Rev. Lett 74. 3273(1995)). 

[0004] There has been proposed a ferromagnetic single tunnel junction element having a structure in which an an- 
so iif erromagnetic layer is provided In contact with one ferromagnetic layer for the ferromagnetic single tunnel junction to 
make the ferromagnetic layer to be a magnetization pinned layer (Jpn. Pat. Appln. KOKAI Publication No, 10-4227). 
However, such an element also has a similar problem that the MR change is considerably decreased when an applied 
voltage is increased to obtain reqjuired output voltage. 

[0005] On the other hand, there has been theoretically estimated that a magnetoresistlvd element having. a ferro- 
us magnetic double tunnel junction forming a stacked structure of Fe/Ge/Fe/Ge/Fe has an increased MR change owing 
lo spln-polarlzed resonant tunnel effect (Phys. Rev B56, 5484 (1 997)), However, the estimation Is based on results at 
a low temperature (8K), and therefore the above phenomenon Is not necessarily caused at room temperature. Note 
that the above element does not use a dielectric such as AfgOs, SlOg, and AIN. Moreover, as the ferromagnetic double 
tunnel junction element of the above structure has no ferromagnelic layer pinned with an antiferromagnetic layer, there 
30 Is a problem that the output is gradually decreased owing to rotation of a part of magnetic moments Iri a magnetization 
pinned layer by performing writing several times when it Is used for MRAM and the like. 

[0006] In addition, there has been proposed a ferromagnetic multiple tunnel junction element comprising a dielectric 
layer in which magnetic particles are dispersed (Phys. Rev. B56 (10). B5747 (1 997); Joumal of Applied Magnetics, 23, 
4-2. (1999); and AppL Phys. LeTT. 73 (19), 2829(1998)). It has been expected that the element may be applied to a 

3S magnetic head or a magnetoreslstlve memory, as 20% or more of an MR change has been realized. In particular, the 
ferromagnetic double tunnel junction element has an advantage that the reduction in the MR change can be made low 
even with increased applied voltage. However, as the element has no ferromagnetic layer pinned with an antiferro- 
magnetic layer, there Is a problem that the output is gradually decreased owing to rotation of a part of magnetic moments 
In a magnetization pinned layer by performing writing several limes when It is used for MRAM and the like. As a 

40 ferromagnetic double tunnel junction element using a ferromagnetic layer consisting of a continuous film (Appl Phys. 
Lett. 73(19), 2829(1998)) has a ferromagnetic layer consisting of a single layer film of, tor example. Co. NlgoFeao 
between dielectric layers, there are problems that a reversal magnetic field for reversing the magnetic moment may 
not be freely designed, and that coercive force of the ferromagnelic layer may be increased when the material such 
as Co is processed. 

4S [0007] For application of the ferromagnetic tunnel junction element to MRAM and the like, external magnetic fields 
are applied lo a ferromagnetic layer (free layer, or a magnetic recording layer), magnetization of which is not pinned, 
by flowing current in a wire (bit line or word line) in order to reverse the magnetization of the magnetic recording layer. 
However, since increased magnetic fiekis (switching magnetic fields) are required for reversing the magnetization of 
the magnetic recording layer as memory cells become smaller, It Is necessary to ftow a high currerit in the wire for 

so writing. Thus, power consumption is increased for writing as memory capacity of the MRAM Is increased. For example, 
in an MRAM device with a high density of 1 Gb or more, there may be caused a problem that the wires melt owing to 
Increased current density for writing in the wires. 

[0008] As one solution for the above problem, an attempt is made lo carry out magnetization reversal by injecting 
spin-polarized current (J. Mag. Mag. Mat.. 1 59 (1 996) LI ; and J. Mag. Mag. MaL, 202(1999) 157). However, the method 
for performing magnetization reversal by injection of the spin current causes Increase In current density in the TMR 
element, which leads to destruction of a tunnel insulator. Moreover, there have been no proposals for an element 
structure suitable for spin injection. 

[0009] An object of the present invention is to provide a magnetoreslstlve element of a tunnel junction type and a 
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magnetic memory device in lliat reduction in tlie MR change can be made Jow even when an applied voltage is increased 
to c±itain required output voltage, that have no problem that an output is gradually decreased owing to rotation of a 
part of magnetic momenls in the magnelization pinned layer by repealed writing, and in that an reversal magnetic ftekJ 
for reversing the magnetic moments in the ferromagnetic layer can be freely designed. 

[0010] Another object of the present Invention is to provide a magnetoresistive element of a tunnel junction type and 
a magnetic memory device that can suppress increase in reversal magnetic field f6r reversing the magnetization of 
the magnetic recording layer accompanying scaling down of memory cells. 

[0011] Still another object of the present invention is to provide a magnetic memory device that has a structure 
suitable for spin injection and can control current density in a wire and a TMR element, and a method for writing 
information to the magnetic memory device. 

[0012] A first magnetbresistive element of the present Invention comprises a ferromagnetic double tunnel junction 
having a stacked structure of a first antrferromagnelfc layer/a first ferromagnetic layer/a first dielectric layer/a second 
ferromagnetic layer/a second dielectrb layer/a third ferromagnetic layer/a second antiferrpmagnetic layer; the second 
ferromagnetic layer consists of a Co-based alloy or a three-layered film of a Co-based alfoy/a Ni-Fe alloy/a Co-l>ased 
alloy; and a tunnel current is flowed between the first ferromagnetic layer and the third ferromagnetic layer.. 
[0013] A second magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junction 
having a stacked structure of a first ferromagnetic layer/a first dielectric layer/a second ferromagnetic layer/a first an- 
tiferromagnstic layer/a third ferromagnetic layer/a second dielectric layer/a fourth ferromagnetic layer; the first and 
fourth ferromagnetic layers consist of a Co-based alloy ore three-layered film of a Co-based alloy/a Nl-Fe alloy/a Co- 
based alloy; and a tunnel current Is flowed between the first ferromagnetic layer and the fourth ferromagnetic layer. 
[0014] A third magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junction 
having a slacked structure of a first aniiferromagnetic layer/a first ferromagnetic layer/a first dielectric layer/a second 
ferromagnetic layer/a second antiferromagnetic layer/a third ferromagnetic layer/a second dielectric layer/a fourth fer- 
romagnetic layer/a third antiferromagnetic layer; the first and fourth ferromagnetic layers or the second and third fer- 
romagnetic layers consist of a Co-based alloy or a three-layered film of a Co-based alloy/a Ni-Fe altoy/a Co-based 
alloy; and a tunnel current being flowed between the first ferromagnetk: layer and the fourth ferromagnetic layen 
[001 5] A fourth magnetoresistive element of the present invention comprises a ferromagnetic double tunnel Junction 
having a stacked structure of a first ferromagnetic layer/a first dielectric layer/a second ferromagnetic layer/a first non- 
magnetic layer/a third ferromagnetic layer/a second nonmagnetic tayer/a fourth ferromagnetic layer/a second dielectric 
layer/a fifth ferromagnetic layer; the second, third and fourth ferromagnetic layers adjacent to each other are antlfer- 
romagnetically coupled through the nonmagnetic layers; the first and fifth ferromagnetic layers consist of a Co-based 
alloy or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based alloy; and a tunnel current Is flowed between 
the first ferromagnetic layer and the fifth ferromagnetic layer. 

[0016] In the magnetoresistive elements of the present invention, the thickness of the Co-based alloy or tiie above 
three-layered film of the Co-based atloyAhe Ni-Fs alloy/the Co-based alloy is preferably 1 to 5 nm. 
[0017] A magnetic memory device of the present Invention comprises a transistor or a diode, and any one of the first 
to fourth magnetoresistive element. 

[0018] The magnetic memory device of the present invention comprises a transistor or a diode and the first or third 
magnetoresistive element, and at least the uppermost antiferromagnetic layer In the magnetoresistive element consti- 
tutes a part of a bit line. 

[001 9] Another magnetic memory device of the present invention comprises a first magnetization pinned layer whose 
magnetization direction Is pinned, a first dielectric layer, a magnetic recording layer whose magnetization direction is 
reversible, a second dielectric layer, and a second magnetization pinned layer whose magnetization direction Is pinned; 
the magnetic recording layer comprises the three-layered film of a magnetic layer, a nonmagnetic layer and a magnetic 
layer, two magnetic layers constituting the three-layered film being antiferromagnetically coupled; and magnetization 
directions of the magnetization pinned layers in regions in contact with the dielectric layer are substantially anti-parallel 
to each other. 

[0020] Still another magnetic memory device of the present invention comprises, a first magnetization pinned layer 
whose magnetization direction is pinned, a first dielectric layer, a magnetic recording layer whose magnetization di- 
rection Is reversible, a second dielectric layer, and a second magnetization pinned layer whose magnetization direction 
Is pinned; the magnetic recording layer comprising a three-layered film of a magnetic layer, a nonmagnetic layer and 
a magnetic layer, the two magnetic layers constituting the three-layered film being antiferromagnetically coupled; the 
second magnetization pinned layer comprising a three-layered film of a magnetic layer, a nonmagnetic layer and a 
magnetic layer, the two magnetic layers constituting the three-layered film being antiferromagnetically coupled; a length 
of the first magnetization pinned layer being formed bngerthan those of the second magnetization pinned layer and 
the magnetic recording layer; and magnetization directions of the two magnetization pinned layers in regions In contact 
with the dielectric layer being substantially anti-parallel to each other. 

[0021] A method for writing information to the above magnetic memory devices comprises steps of: supplying the 
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magnetic recording layer wllh a spin current Ihrough the first or second magnetization pinned layer; and flowing a 
current in a wire for writing so as to apply a current magnetic field to the magnetic recording layer. 
[0022] Stili another magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junc- 
tion having a stacked structure of a first antlferromagnetic layer/a first ferromagnetic layer/a first tunnel insulator/a 
second ferromagnetic layer/a first nonmagnetic layer/a third ferromagnetic layer/a second nonmagnetic layer/a fourth 
ferromagnetic layer/a second tunnel Insulator/a fifth ferromagnetic layer/a second antiferromagnetlc layer; the second 
and third ferromagnetic layers are antiferroimagnetically coupled through the first nonmagnetic layer; and the third and 
fourth ferromagnetic layers are anllferromagneticalty coupled through the second nonmagnetic layer 
[0023] This summary of the invention does not necessarily describe all necessary lealures so that the invention may 
also be a sub-combination of these described features. 

[0024] The invention can be more fully understood from the following detailed description when taken In conjuncticm 
with the accompanying drawings, in which: 

FIG. 1 shows a sectional view of a basic structure of a first magnetoresistive element of the present invention; 
RG. 2 shows a sectional view of a basic structure of a second magnetoresistive element of the present invention; 
FIG. 3 shows a sectional view of a basic structure of a third magnetoresistive element of the present Invention; 
FIG. 4 shows a sectional view of a basic structure of a fourth magnetoresistive element of the present invention; 
FIG, 6 shows a sectional view of a basic structure of another embodiment of the fourth magnetoresistive element 
of the present invention; 

FIG. 6 shows an equivalent circuit diagram of an MRAM combining MOS transistors and ferromagnetic double 
tunnel junction elements; 

FIG. 7 shows a sectional view of the IVIRAM in FIG. 6 In which a pinned layer of the ferromagnetic double tunnel 
junction element constitutes a part of a bit line; 

FIG. 8 shows an equivalent circuit diagram of an MRAM combining diodes and ferromagnetic double tunnel junction 
elements; 

FIG. 9 shows a sectional view of the MRAM In FIG. 8 In which a pinned layer of the ferromagnetic double tunnel 
junction element constitutes a part of a bit line; 

FIG. 10 shows a sectfonal view of a ferromagnetfo double tunnel junctfon element used for another MRAM of the 
present invention; 

FIG. 11 shows a sectional view of a ferromagnetic double tunnel junction element used for still another MRAM of 
the present invention; 

FIG. 12 shows a sectional view of a ferromagnetic double tunnel junction element used for still anotlier MRAM of 
the present invention; 

FIG. 13 shows a sectional view of an example of an MRAM according to the present invention; 
FIG. 14 shows a sectional view of another example of an MRAM according to the present inventbn; 
FIG. 1 5 shows a sectional view of another example of a magnetoresistive element according to the present inven- 
tion; 

FIG. 16 shows a sectional view of stili another example of a magnetoresistive element according to the present 
invention; 

FIG. 17 shows a sectional view of still another example of a magnetoresistive element according to the present 
Invention: 

FIG. 1 8 shows a perspective view of a magnetic head assembly provided with a magnetoresistive head comprising 
a tunnel junction magnetoresistive element according to the present invention; 

FIG. 1 9 shows a perspective view of the internal structure of a magnetic disk apparatus provided with the magnetic 

head assembly shown in FIG, 18; 

FIG. 20 shows a graph of magnetoresistive cun/es of the samples A and B In Embodiment 1 ; 
FIG. 21 shows a graph of applied voltage dependency of MR change for the samples A, B and C in Embodiment 1 ; 
FiG. 22 shows a graph of relationships between reversal c/cles of pulsed magnetic fiekj and an output voltage for 
the samples A, B and D in Embodiment 1; 

FIG. 23 shows a graph of magnetoresistive curves of the samples A2 and B2 in Embodiment 2; 

FIG. 24 shows a graph of applied voltage dependency of MR change for the samples A2, 82 and C2 in Embodiment 

2; 

FIG. 25 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
the samples A2, B2 and D2 in Embodiment 2; 

FIG. 26 shows a graph of magneloresistivG cun/es of the samples A3 and B3 In Embodiment 3; 

Fl G. 27 shows a graph of applied voltage dependency of MR change for the samples A3, B3 and C3 in Embodiment 

3; 

FIG. 28 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
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the samples A3. B3 and D3 in Embodiment 3; 

FiG. 29 shows a graph ol magnetoresistive curves of the samples A4 and 64 In Embodiment 4; 

FIG. 30 shows a graph of applied voltage dependency of MR change for the samples A4, B4 and C4 in Embodiment 

4; 

5 FIG. 31 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 

the samples A4, B4 and D4 in Embodiment 4; 

PI G. 32 shows a sectional view of a magnetoresislivs element in Embodiment 5 in which a pinned layer constitutes 
a part of a bit line; 

FIG. 33 shows a graph of magnetoresistive curves of the samples A5 and 65 In Embodiment 5; 
10 FIG. 34 shows a graph of applied voltage dependency of MR change for the samples AS, 85 and C5 in Embodiment 

5; 

FIG. 35 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
the samples AS, B5, D5 and E5 in Embodiment 5; 

FiG, 36 shows a graph of relationships between a junction width and an MR change for the samples T1 , T2 and 
IS T3 in Embodiment 7; and 

FIG. 37 shows a graph of applied voltage dependency of MR change for the samples 11 , T2 and T3 in Embodiment 
7. 

[0025] Basic structures of magnetoresisth^e elements according to the present invention will be described hereinafter, 

20 referring to FIGS. 1 to 4. 

[0026] FIG. 1 shows a first magnetoresistive element of the present invention. The magnetoresistive element 10 
forms a ferromagnetic double tunnel junction having a stacked structure of a first antiferromagnetic layer 11/a first 
ferromagnetic layer 12/a first dielectric layer 13/a second ferronnagnetic layer 14/a second dielectric layer 15/a third 
ferromagnetic layer 16/a second antiferromagnetic layer 17. In tlie element, a tunnel current is flowed belwean the first 

2s ferromagnetic layer and the third ferromagnetic layer. In. the element, the first and third fen-omagnetic layers 12. 16 are 
a pinned layer (a magnetization pinned layer), and the second ferromagnetic layer 14 is a free layer (a magnetic 
recordrig layer in the case of an MRAM). In the first magnetoresistive element, the second ferromagnetic layer 1 4 that 
is a free layer consists of a Co-based alloy (for example. Co-Fe, Co-Fe-Ni. and the iil^e) or a three-layered film of a 
Co>based alloy/a Nl-Fe alloy/a Co-based alloy. 

30 [0027] FIG. 2 shows a second magnetoresistive element of the present invention. The magnetoresistive element 20 
forms a ferromagnetic double tunnel junction having a staciied structure of a first ferromagnetic iayer 21/a first dielectric , 
layer 22/a second ferromagnetic layer 23/an antiferromagnetic layer 24/a third ferromagnetic layer 25/a second die- 
lectric layer 26/a fourth ferromagnetic layer 27. In the element, a tunnel current Is flowed between the first ferromagnetic 
layer and the fourth ferromagnetic layer, in the element, the second and third ferromagnetic layers 23, 25 are a pinned 

35 layer, and the first and fourth ferromagnetic layers 21, 27 are a free layer (a magnetic recording layer in the case of 
an MRAM). In the second magnetoresistive element, the first and fourth ferromagnetic layers 21, 27 that are a free 
layer consist of a Co-based alloy (for example, Co-Fe, Co-Fe-Ni, and the like) or a three-layered film of a Co-based 
alloy/a Ni-Fe alloy/a Co-based alloy. 

[0028] FIG. 3 shows a third magnetoresistivB element of the present invention. The magnetoresistive element 30 
40 forms a ferromagnetic double tunnel junction having a stacked structure ol a first antlferromagneiic layer 31/a first 
ferromagnetic layer 32/a first dielectric layer 33/a second ferromagnetic layer 34/a second antiferromagnetic layer 35/a 
third ferromagnetic layer 3B/a second dielectric layer 37/a fourth ferromagnetic layer 38/a third anliferrjmanetical layer 
39. In the element, a tunnel current is flowed between the first ferromagnetic layer and the fourth ferromagnetic iayer. 
In the element, when the second and third ferromagnetic layers 34, 36 are designed as a pinned layer, the first and 
fourth ferromagnetic layers 32, 38 are made to be a free layer (a magnetic recording layer in the case of an MRAM). 
On the other hand, when the first and fourth ferromagnetic layers 32, 30 are designed as a pinned layer, the second 
and th ird ferromagnetic layers 34, 36 are made to be a free layer (a nnagnetic recording layer, in the case of an MIRAM). 
In the third magnetoresistive element, either a group of the first and fourth ferromagnetic layers 34, 36, or that of the 
second and third ferromagnetic layers 34, 36, each of which is used as a free layer, consists of a Co-based alloy (for 
so example. Co-Fe, Co-Fe-Ni, and the like) or a three-layered film of a Co-based altoy/a Nl-Fe alloy/a Co-based alloy 
[0029] FIG. 4 shows a fourth magnetoresistive element of the present invention. The magnetoresistive element 40 
forms a ferromagnetic double tunnel junction having a stacked structure of a first ferromagnetic layer 41/a first dielectric 
layer 42/a second ferromagnetic layer 43/a first nonmagnetic iayer 44/a third ferromagnetic layer 45/a second non- 
magnetic layer 46/a fourth ferromagnetic layer 47/a second dielectric layer 4a/a fifth ferromagnetic layer 49. In the 
ss element, a tunnel current is fbwed between the first ferromagnetic layer and the fifth ferromagnetic layer. In addition, 
the second, third and fourth ferromagnetic layers 43, 45, 47 adjacent to each other are antiferromagnetically coupled 
through nonmagnetic layers 44, 46. In the element, the second to fourth ferromagnetic layers 43, 45, 47 are a pinned 
layer, and the first and fifth ferromagnetk: layers 41, 49 are a free layer (a magnetic recording layer in the case of an 
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MRAM). In the fourth magnetoresistive element, the first and fifth ferromagnetic layers 41, 49 that are a free layer 
consist of a Co-based alloy (for example, Co-Fe, Co-Fe->Ni, and the like) or a Ihree-layered film of a Co-based alby/a 
Ni-Fe alloy/a Co-based alloy. 

[0030] FIG. 5 shows a varratlon of the fourth magnetoresistive element, in the magnetoresistive element shown in 
5 FIG. 5, a structure in which an antiferromagnetic layer is inserted between the ferromagnetic layers, that is, a three- 
layered film of a ferromaghelic layer 45a/an antiferromagnetic layer 50/a ferromagnetic layer 45b is provided, instead 
of the third ferromagnetic layer 45 shown in RQ. 4. 

[0031] Note that, an antiferromagnetic layer may be provided in contact with at least one of the second and fourth 

ferromagnetic layers 43, 47 constituting the fourth magnetoresistive element. 
10 [0032] As the magnetoresistive elements according to the present [nvention having a ferromagnetic double tunnel 

junction comprises at least two dielectric layers, an effective voltage applied to one turviel junction is low. Therefore. 

the elements have an advantage tfiat their vojtage dependency of MR change is not remarkable, that is, reduction in 

the MR change is made low even when an applied voltage is Increased in order to obtain a required output voltage. 

[0033] In the above four basic structures ol the magnetoresistive element having a ferromagnetic double tunnel 
IS junction according to the present invention, spins in !he magnetization pinned layer (a pinned layer) are pinned with 

the antiferromagnetic layer or the antiferromagnetic coupling. Therefore, it may be possible to prevent the problem 

that the output Is gradually decreased owing to rotation of the magnetic moments in the magnetization pinned layer 

by repeated writing. 

[0034] In addition, the magnetoresistive elements use a Co-based alloy (Co-Fe and Co-Fe-NI. and the like) or a 
20 three-layered film of a Co-based alloy/a Nl-Fe alloy/a Co-based alloy, whose magnetostriction is low, for the free layer 
(magnetic recording layer). The free layers are the second ferromagnetic layer 14 in FIG. 1 , the first and fourth ferro- 
magnetic layers 21 and 27 in FIG. 2, either a group of the first and fourth ferromagnetic layers 32, 38 or a group of the 
second and third ferromagnetic layers 34, 36, and the first and the fifth ferromagnetic layer 41, 49 in FIGS. 4 and 5. 
Therefore, the reversal magnetic field is controlled to a low value, which enables to bwer a current flowed in a wire to 
25 apply a current magnetic field. When the three-layered Rim of a Co-based alloy/a Ni-Fe alioy/a Co-based alloy is used 
for the free layer, magnitude of the reversal magnetic field may be freely designed by control of the thickness ratio of 
each layer 

[0035] In particular, in the magnetoresistiva element having the structure shown in FIG. 3, the reversal magnetic field 
is determined not by the magnetic coercive force of the rnagnetic material, but by the exchange magnetic field caused 

30 on the Interface between a magnetic materlal/antif erromagnetic material. Advantageously, the exchange magnetic field 
may be freely .designed by control of the type, thickness and alloy composition of the first and ttiird antiferromagnetic 
layers 31 . 39 and the second antiferromagnetic layer 35. Thus, the basic structure of FIG. 3 exhibits the most preferable 
characteristics among the above four basic structures. Moreover, the structure of FIG. 3 is especially effective In the 
case of where a processing size is lowered to sub-micron and a junction area is made very small. That is, in the case 

35 where a processing size Is lowered to sub-micron, the writing magnetic field tends to be irregular due to process damage 
or influence of domains of the free layer (magnetic recording layer). Where an antiferromagnetic layer is provided in 
contact with the free layer (magnetic recording layer) as the structure shown in FIG. 3, it may be possible to prevent 
the irregularity of the writing magnetic field, as the writing magnetic field may be designed based on the exchange 
magnetic field. Therefore, the yield of the element may be remarkably improved. 

40 [0036] On ths other hand, it is preferable to make the whole thickness of the element thin In order to improve process- 
ing accuracy In fine processing of the element of the present Invention. In this point, it is preferable to adopt structures 
as shown In FIGS. 2, 4 and 5 which make it possible to reduce the number of the antiferromagnetic layers as much 
as possible. 

[0037] Then, materials for use in each layer of a magnetoresistive element of the present Invention will be described 
45 below. 

[0038] As mentbned above, a Co-based alloy (Co-Fe, CO-Fe-Ni, and the like) or a three-layered layer of a Co-based 
alloy/Ni-Fe alloy/a Co-based alloy is used for the free layer (magnetic recording layer). Further, a small amount of 
nonmagnetic elements such as Ag, Cu, Au, Al, Mg, SI, Bi, Ta, B, C, O, N, Si, Pd. Pt, Zr, Ir, W, Mo, and Nb may be 
added to the above alloys. The magnetoresistive element of the present Invention may be applied to a magnetoresistive 
so magnetic head, a magnetic memory device, a magnetic field sensor, and the like. In the above applications, it is pref- 
erable to provide uniaxial anisotropy to the free layer. 

[0039] The thickness of the free layer may be preferably 0.1 nm to 100 nm, more preferably 0.5 to 50 nm, and most 
preferably 1 to 5 nm. When the thickness of the free layer is less than 1 nm. there is a possibility that the free layer is 
not made into a continuous film, but Is made into a so-called granular structure in which fenromagnetic particles are 
55 dispersed in a dielectric layer. As a result, it becomes difficult to control the junction characteristics, and there is a 
possibility that the switching magnetic field becomes irregular. Moreover, there may be caused a problem that fine 
particles are made to be superparamagnetic at a room temperature which leads to extremely reduction In the MR 
change. On the other hand, when the thickness of the free layer exceeds 5 nm, the reversal magnetic field may exceed 
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100 Oe which requires 1o flow a high current in a wire in a case where, for example, the magnetoresistive element is 
applied to an MRAM designed by 0.25 nm rule. In addilipn, when the thickness of the free layer exceeds 5 nm, the 
MR change is reduced with Increased bias voltage, that is, the so-called bias dependency becomes remarkabie. If the 
thickness of the free layer Is in a range of 1 to 5 nm. the increase of the reversal magnetic field and the bias dependency 
s of the MR change, which may be caused by fine processing, can be controlled. Moreover, if the thickness of the free 
layer is in the above range, the processing accuracy also becomes excellent. 

[0040] Materials used for the pinned layer are not particularly limited, and Fe, Co, Nl or their alloys, a magnetite 
having high spin polarizability, an oxide such as CrOg and RXMn03.y (where R represents an rare earth element, and 
X represents Ca. Ba or Sr), a Heusier alloy such as NiMnSb and PtMnSb, and the like may be used. The pinned layer 

10 is required to be.so thick that it does not become superparamagnetic, and may be preferably 0.4 nm or more. Moreover, 
as long as the ferromagnetism is not lost, a small amount of nonmagnetic elements such as Ag. Cu, Au. Al, Mg, Si, 
Bi, Ta, B, C, O, N, SI, Pd, Ft, Zr, Ir, W, Mo and Mb may be added to the above magnetic materials. 
[0041] When the pinned layer Is desired to be strongly pained with the antiferromagnetfc layer, a three-layered film 
of a ferromagnetic layer/a nonmagnetic layer/a ferromagnetic layer may be used as a pinned layer so that the two- 

is layered ferromagnetic layers may be antlferromagnsticaity coupled through a nonmagnetic layer Materials for the 
nonmagnetic layer are not particularly limited, and a metal such as Ru, Ir, Cr, Cu and Rh may be used. The antiferro- 
magnetic coupling can be caused between the magnetic layers by adjusting the thickness of the nonmagnetic layer. 
The thickness of the nonmagnetic layer may be preferably 0.5 to 2.5 nm. Considering the thermal resistance and the 
strength of the antiferromagnetic coupling, the thickness of the nonmagnetic layer may be more preferably 0.7 to 1 .5 

20 nm. Specifically, a three-layered film such as Co (or Co-Fe)/Ru/Co (or Co-Fe), and Co (or Co-Fe)/l r/Co (or Co-Fe) may 
be used. 

[0042] As materials for the antiferromagnetic layer, Fe-Mn, Pt-Mn, Pt-Cr-Mn, Ni-Mn, Ir-Mn. NIO, Fe203 and the like 
may be used. 

[0043] As materials for the dielectric layer, AlgOg, Sr02, MgO. AIN, BigOg, MgFg, CaFg. SrTiOg AILaOg and the like 
ss may be used. The loss of oxygen, nitrogen or fluorine in the dielectric layer may be allowed. Although the thickness of 
the dielectric layer is not particularly limited, the cfielectric layer is preferable made thin, and it may be preferably 10 
nm or less, and more preferably 5 nm or less. 

[0044] A substrate on which a magnetoresistive element of the present Invention is formed is not particularly limited. 
Various types of substrate such as Si, Si02, AI2O3, spinel and AIN may be used. In the present invention, the magne- 
to loresistive element may be stacked on the substrate wilh intervening an underlayer therebetween, and a protective 
layer may be provided on the magnetoresistive element As materials for the underlayer and protective layer, Ta, Ti, 
W, Pt, Pd, Au. Ti/R. Ta/Pt. Ti/Pd. Ta/Pd or nitride such as TiNx may be'preferably used. 

[0045] A magnetoresistive element according to the present invention may be fabricated by depositing each layer 
with usual deposition methods such as various types of spattering, vacuum evaporation and molecular beam epitaxy. 
35 [0046] Next, a magnetic memory device (MRAM) using a magnetoresistive element of the present invention will be 
described below. The MRAM using the magneto-resistive element of the present Invention may obtain an effect that 
a current flowing in a wire to apply the current magnetic field may be reduced even in both cases of non^lestructive 
reading and destructive reading. 

[0047] As a specific constitution, there has been conceived a structure in which the ferromagnetic double tunnel 
40 junction element is stacked on a transistor, or a structure in which a diode and the ferromagnetic double tunnel junction 
are stacked. As described bebw. it is particularly preferable to apply the first or third ferromagnetic double tunnel 
junction element to the stmctures, and to use at least the uppermost anti-ferromagnetic magnetic layer as a part of a 
bit line. 

[0048] An MRAM having a structure in which, for example, a first ferromagnetic double tunnel junction element (FIG. 

45 1) Is stacked on a MOS transistor will be described below, referring to FIGS. 6 and 7. FIG. 6 shows a view of an 
equivalent circuit of an MRAM of 3 x 3 cells. FIG, 7 shows a sectional view of an MRAM in a single cell. 
[0049] As shown in the equivalent circuit diagram of FIG. 6, memory cells each comprising the transistor 60 and the 
ferromagnetic double tunnel junction element (TMR) 10 of FIG. 1 are arrayed in a matrix. The word line for reading 
(WL1) 62 constituted by the gate electrode of the transistor 60, and the word line for writing (Wt^) 71 are parallel to 

so each other. The bit line (BL) 74 connected to the other end (upper part) of the TMR 10 is arranged in perpendicular to 
the word line (WL1) 62 and the word line (Wt^) 71. 

[0050] As shown In FIG. 7, the transistor 60 comprises the silicon substrate 61, the gate electrode 62. the source 
and drain regions 63. 64. The gate electrode 62 constitutes the word line for reading (WLl). The word line for writing 
(WL2) 71 Is formed on the gale electrode 62 and an insulator. The contact metal 72 is connected to the drain region 
ss 64 of the transistor 60. and the underlayer 73 is connected to the contact metal 72. The ferromagnetic double tunnel 
junction element (TMR) 1 0 of FIG. 1 is provided on the underlayer 73 at a position above the word line for writing (WL2) 
71. That is, the following layers are stacked on the underlayer 73: an antiferromagnetic layer 11 /a first ferromagnetic 
layer (pinned layer) 12/a first dielectric layer 13/a second ferromagnetic layer (free layer) 1 4/a second dielectric layer 
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15/a (hird ferromagnetic layers (pinned layers) 16a and 16b/a second antiferromagnetic layer 17. In this embodiment, 
the pinned layer is constituted by the two layers 16a and 16b. The rnetal layer of the bit line (BL) 74 is formed on the 
second antiferromagnetic layer 17 of the TMR 10. 

[O051] The area of the second ferromagnetic layer 1 4 of a free layer Is different from that of the upper antiferromag- 
s netic layer 1 7 and the pinned layer 16b. The upper antiferromagnetic layer 17 and the pinned layer 16b form a part of 
the bit line 74. IVlore specifically, the bit line 74 has a stacked structure of a pinned layer 1 6b/an antiferromagnetic layer 
17/a melalic layer. Note that, the bit lino 74 may be constituted by the antiferromagnetic layer 1 7/lhe metal layer, without 
providing the pinned layer 16b having the same area as that of the antiferromagnetic layer 17 under the layer 17. 
[0052] In this structure, spins in the pinned layers 16b and 16a are more stably pinned with the antiferromagnetic 
10 layer 1 7 having a large area, and magnetic moments in the pinned layers I8b and 1 6a are not rotated even by repeated 
writing. Thus, reduction in output can be effectively prevented. 

[0DS3] Further, the structure above the free layer 14 of the TMR 10 Is formed by deposition and patterning of the 
free layer 14/lhe second dielectric layer 15/the pinned layer 16a, and those of the pinned layer 1 6bAhe antiferromagnetic 
layer 17Ahe metal layer. Conventionally, the structure above the free layer 14 of the TMR 10 has been formed by 

IS deposition and patterning of the free layer 1 4/lhe second dielectric layer 1 5/the pinned layer 1 6a/the antiferromagnetic 
layer 17. and those of the bit line metal layer. Thus, when the structure shown in FIG. 7 is adopted, as the patterning 
process of the comparatively thjck antifen'omagnetic layer 17 is separated to another process, it Is possible to make 
the thickness of the films to be finely processed at one time thin, in the above former patterning. Therefore, it is possible 
to reduce process damage to the region of the ferromagnetic tunnel junction, and to improve processing accuracy 

20 [0054] An MRAM having a structure In which a diode and, for example, a first ferromagnetic double tunnel junction 
element (FIG. 1) vwll be described below, referring to FIGS. 8 and g. FIG. 8 shows a view of an equivalent circuit 
diagram of an iVIRAM of 3 X 3 cells. FIG. g shows a perspective view of the MRAf\/I. 

[0055] As shown in the equivalent circuit diagram of FIG. 6. memory ceils each having a stacked structure of a diode 
80 and TMR 10 are arrayed In a matrix. The stacked structure of the dk3de 60 and TMR 1 0 is formed on the word line 
25 (WL) 91 such that the word line (WL) gi is connected to one end of the diode 80. The bit line (BL) 92 an-anged In 
perpendicular to the word line (WL) 91 is connected to the other end of the TMR 10. 

[0056] As shown in FIG. 9, the silicon diode 80 is formed on the metal layer of the word line (WL) 91. and the 
underlayer 81 Is fomned on the dbde 80. A nitride film such as TlNx may be provided between the metal layer and the 
silicon dtode to prevent atomic diffusbn. The ferromagnetic double tunnel junction element (TMR) 10 shown In FIG. 1 
- 30 Is formed on the underlayer 81 . That is. a first antifenomagnetic layer 11/a first ferromagnetic layer (pinned layer) 1 2/a 
first dielectric layer 13/a second ferromagnetic layer (free layer) 14/a second dielectric layer 15/a third ferromagnetic 
layers (pinned layers) 1 6a and I6b/a second antiferromagnetic layer 1 7 are stacked on the underlayer 81 . in the above 
embodiment, the pinned layer is constituted by two layers 16a and I6b. The metal layer of the bit line 92 is formed on 
the second antiferromagnetic layer 17 of the TMR 10. 

35 [0057] The MRAM having such a structure may have the similar effect to that described with respect to FIG. 7. That 
(s, spins in the pinned layers 1 6b and 1 6a is more stably pinned by the antiferromagnetic layer 1 7 having a large area, 
and magnetic moments in the pinned layers 16b and I6a are not rotated even by repeated writing. Thus, reductbn In 
output can be effectlvety prevented. In addition, as the patterning process of the comparatively thick antiferromagnetic 
layer 17 is separated to another process, it is possible to reduce process damage to the region of the ferromagnetic 

-^0 tunnel junctbn, and to improve processing accuracy. 

[0058] For application of the f\^RAM, a three-layered film of a ferromagnetic layer/a nonmagnetic layer/a ferromag- 
netic layer may be used for a free layer so that the ferromagnetic layers may be anti-ferromagnetically coupled through 
the nonmagnetic layer. In such a structure, as the magnetic flux is confined in the three-layered film, influence of the 
static magnetic field to the pinned layer is prevented when the magnetic moments in the free layer is reversed by 

45 current magnetk; field, and also a leakage magnetic field from the recording layer can be lowered which makes it 
possible to reduce a switching magnetic field. Thus, it is possible to prevent the problem that the output is gradually 
decreased owing to rotation of a part of the magnetic moments in the magnatizatbn pinned layer by repeated writing. 
Preferably, a ferromagnetb layer in the structure of the ferromagnetic layerAhe nonmagnetic layerAhe ferromagnetic 
layer, which is cbser to the word line for applying the curent magnetb field, is made of a softer ferromagnetic material 

50 or nnadB thicker. When the Iwof erronnagnetic layers fonning the three-layered film are made to have a different thickness 
from each other, it Is preferable to make the thickness difference within the range of 0.5 to 5 nm. 
[G059] Another MRAM according to the present invention will be described below. This MRAM comprises a ferro- 
magnetic double tunnel junction element having a first magnetization pinned layer with a pinned magnetization direc- 
tion, a first dielectric layer, a magnetic recording layer with a reversible magnetization direction, a second dielectric 

55 layer, and a second magnetization pinned layer with a pinned magnetization direction. The magnetic recording layer 
comprises a three-layered film of a magnetic layer, a nonmagnetic layer and a magnetic layer, and the two magnetic 
layers constituting the three-layered film are antiferromagnetically coupled. Since the two magnetic layers are anlifer- 
romagnetlcally coupled and the magnetb flux is confined in the magnetic recording layer, it may be possible to reduce 
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the switching magneltc field and the current density flowing In a wire. The magnetization directbns In the regions of 
the two magnetization pinned layers in contact with the dielectric layers are substantially anti-parallel to each other. 
Thus» it may be possibfe to select either an up-spin current and a down-spin current to be supplied to the magnetic 
recording layer by choosing a pinned layer for flowing a current to the magnetic recording layer from the two magnet- 
ization pinned layers. Therefore, the magnetization of the magnetic recording layer may be easily reversed by changing 
a direction for supplying the spin current, so that the current fbwing in the TIVIR element may be reduced. Thus, the 
MRAM has a suitable structure to supply the spin currant and the current magnetic field to the magnetic recording layer 
to control the current density flowing in the wire and the TIV4R element. 

[0060] The antiferromagnetically coupled magnetic recording layer forming the above ferromagnetic double tunnel 
junction element may be easily formed by alternately stacking ferromagnetic layers and nonmagnetic metal layers. 
Since the thinner the antiferromagnetically coupled magnetic recording layer is the easier fine processing may be 
possible, it is preferable for the magnetic recording layer to be made of a three-layered film of a ferromagnetic layer/ 
a nonmagnetic metal layer/a ferromagnetic layer. Moreover, a three-layered film of a ferromagnetic layer/a soft magnetic 
layer/a feromagnellc layer may be used as the ferromagnetic layer. In particular, when a three-layered film in which 
a soft magnetic layer such as a Ni-Fe alloy is inserted between two COxFe^.x layers (where 0.5 g x < 1 .0) is used for 
the ferromagnetic layer, switching magnetic field may be remarkably made low. The reason is that the Ni-Fe alloy layer 
is fee (111) oriented, and then the Co^Fei^x layer on this layeralso is (cc (111) oriented, so that the switching magnetic 
field of the Co^Fe^.^ layer itself is reduced and also total value of magnetization of the ferromagnetic layer is reduced. 
[0061] Therefore, examples of the antiferromagnBtlcally coupled magnetic recording layer are: (a) a ferromagnetic 
layer/a nonmagnetic layer/a ferromagnetic layer, (b) (a ferromagnetic layer/a soft magnetic layer/a fen-omagnetic layer) 
/a nonmagnetic layer/a ferromagnetic layer, (c) (a ferromagnetic layer/a soft magnetic layer/a ferromagnetic layer)/a 
nonmagnetic layer/(a ferromagnetic layer/a soft magnetic layer/a ferromagnetic layer), in this case, strength of antif- 
erromagnetic coupling is preferably as high as 0.01 erg/cm^ or more. The magnetizatfon pinned layers may be antif- 
erromagnetically coupled by forming a stacked structure similar to that of the magnetic recording layer. 
[0062] Examples of a ferromagnetic double tunnel junction element used for the MRAIVI will be described below, 
referring to FIGS. 10 to 1 2. 

[0063] A ferromagnetic double tunnel junction element of FIG. 10 has a slacked structure of an underiayer 101 /a 
first antiferromagnetic layer 102/a first magnetization pinned layer 103/a first dielectric layer 104/a magnetic recording 
layer 105 comprising a three-iayered film of a ferromagnetic layer 105a, a nonmagnetic layer 1 05b and a ferromagnetic 
layer 105c/a second dielectrk: layer l06/a second magnetization pinned layer 107/a second antiferromagnetic layer 
108/a protective layer 109. 

[0064] The ferromagnetic layer 105a and the ferromagnetic layer 105c of the magnetic recording layer 105 are an- 
tiferromagnetically coupled. The magnetization directions of the first magnetization pinned layer 103 in contact with 
the first dielectric layer 104, and the second magnetization pinned layer 107 in contact with the second dielectric layer 
106 are anti-parallel to each other. 

[0065] A ferromagnetic double tunnel junction element of FIG. 11 has a stacked structure of an underiayer 11 1/a first 
antiferromagnetic layer 112/a first magnetization pinned layer 113/a first dielectric layer 114/a magnetic recording layer 
115 comprising a three-layered film of a ferromagnetic layer 115a, a nonmagnetic layer 115b and a ferromagnetic layer 
115c/a second dielectric layer 116/a second magnetization pinned layer 117 comprising a three-layered film of a fer- 
romagnetic layer Il7a. a nonmagnetic layer 1l7b and a ferromagnetic layer 117c/a second antiferromagnetic layer 
1 1 8/a protective layer 1 1 9. 

[0066] TTie ferromagnetic layer 115a and the ferromagnetic layer 115c of the magnetic recording layer 115 are anti- 
ferromagnetically coupled. The ferromagnetic layer 117a and the ferromagnetic layer 11 7c of the second magnetization 
pinned layer 117 are anti-ferromagneltcally coupled. The magnetization directions of the first magnetization pinned 
layer 1 1 3 in contact with the first dielectric layer 11 4, and the ferromagnetic layer 11 7a forming the second magnetization 
pinned layer 117 in contact with the second dielectric layer 116 are anti-parallel to each other. 
[0067] In the alDove case, the length of the first magnetization pinned layer 113 may be preferably formed longer 
than those of the second magnetization pinned layer 117 and the magnetic recording layer 115 so as to form a part of 
a wire. In such a structure, the magnetic flux is confined In the second magnetization pinned layer 117 and the magnetic 
recording layer 1 1 5. and a leakage magnetic flux from the first magnetization pinned layer 113 fomried fonger has little 
influence, so that influence of stray field on the magietic recording layer is reduced. 

[0068] A ferromagnetic double tunnel junction element of FIG. 12 has a stacked structure of an underiayer 121 /a 
first antiferromagnetic layer 122/a first magnetization pinned layer 123 comprising a three-layered film of a ferromag- 
netic layer 123a, a nonmagnetic layer 123b and a ferromagnetic layer 123c/a first dielectric layer l24/a magnetic 
recording layer 125 comprising a three-layered film of a ferromagnetic layer 125a, a nonmagnetic layer 125b and a 
ferromagnetic layer I25c/a second dielectric layer 126/a second magnetization pinned layer 127 comprising a five- 
layered film of a ferromagnetic layer 127a, a nonmagnetic layer 127b. a ferromagnetic layer I27c, nonmagnetic layer 
I27d and a ferromagnetk: layer 127e/a second antiferromagnetic layer 128/a protective layer 129. 
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[0069] The ferromagnetic layer 1 25a and the ferromagnetic layer 1 25c of the magnetic recording layer 1 25 are an- 
lirerromagnetically coupled. The ferromagnetic layer 123a and the ferromagnetic layer 123c of the first magnetization 
pinned layer 1 23 are antl-ferromagnetlcatly coupled. The ferromagnetic layer 1 27a. a f erromagnetrc layer 1 27c. and a 
ferromagnetic layer 127e of the second magnetization pinned layer 127 are antlferromagnetically coupled. The mag- 

s nellzatlon directions of the ferromagnetic layer 123c forming the first magnetization pinned layer 123 In contact with 
the first dielectric layer 114, and the ferromagnat'ic layer 127a forming the second magnetization pinned layer 127 in 
contact with the second dielectric layer 126 are anti-parailel to each other. Also in this case, the length of the first 
magnetization pinned layer 123 may be preferably formed longer than those of the second magnetization pinned layer 
117 and the magnetic recording layer 115. 

10 [0070] FIG. 13 is a sectional view of the MRAM using the ferromagnetic double tunnel junction element of FIG. 11 . 
A trench Is formed in a Si02 Insulator on a SI substrate 151 , and a word line 152 comprising metal embedded in the 
trench is formed. A SIO2 insulator Is formed qn the word line 1 52. on which metal wire 1 53 and a ferromagnetic double 
tunnel junction element (TfyiR element) are formed As shown in FIG. 11 . the TMR element has a stacked structure of 
an underlayer 111/a first antiferronegnetic layer 112/a first magnetization pinned layer 113/a dielectric layer 114/a 

IS magnetic recording layer 1 1 5 comprising a three-layered film ol a lerromagnelic layer 1 1 5a, a nonmagnetic layer 1 1 5b 
and a ferromagnetic layer 115c/a second dielectric layer 116/a second magnetization pinned layer 117 comprising a 
three-layered film of a ferromagnetic layer 117a, a nonmagnetic layer 117b and a ferromagnetic layer 117c/d second 
antlferromagnetic layer 118/a protective layer 119. The TMR element is processed so as to have a predetermined 
junction area, and has a deposited interlayer insulation film at its periphery. A bit line 154 connected to the protective 

20 iayer 119 of the TMR element Is formed on the interlayer insulation Him. 

[0071] In this MRAM, a current magnet field is applied (lor example, to a hard axis direction) to the magnetic recording 
layer 1 15 by flowing a current in the word line 1 52, and alsoa down-spin current Is injected from the bit line 154 through 
layers to the magnetic recording layer 115 or an up-spin current is injected from the metal wire 153 through layers to 
the magnetic recording layer 115, thereby performing writing by reversing the magnetization direction of the magnetic 

25 recording layer 115. Thus, the writing by the Injection of the spin current and the application of the current magnetic 
field to the magnetic recording layer 115 may cause reduction in the spin current flowing in the TMR element and in 
the current density flowing in the wire (word line). Therefore, even In an MRAM with a capacity of 1Gb or more, It may 
be possible to control the wire melting or the destruction of the tunnel barrier layer (dielectric layer) of the TMR element 
and to impiove reliability. 

00 [0072] In the MRAM of FIG. 1 3, the current flowing in the bit line 154 functions to apply a current magnetic field to 
the magnetic recording layer 11 5 in a different direction (for example, to an easy axis direction) froni that of the word 
line 152. In order to increase the current magnetic field in this direction, to improve the controllability, and to reduce 
the spin current injected into the magnetic recording layer 115, the second word line 156 may be provided on the bit 
line 1 54 so as to extend in parallel with the bit line 154 with inten/ening the insulator layer 1 55 therebetween, as shown 

35 in FIG. 14. In the MRAM of FIG. 14, the reversal of the magnetization of the magnetic recording layer 115 may be 
repeated by a lower current, using the change In the direction of the current flowing in the TMR element and In the 
second word line 156 together. 

[0073] FIG. 1 5 is a sectional view of another magnetoresistive element according to the present Invention. The mag- 
neloresisiive element shown in FIG. 15 comprises a ferromagnetic double tunnel junction element having a stacked 
40 structure of a first antlferromagnetic layer 161, a first ferromagnetic layer 162. a first tunnel insulator 163, a second 
ferromagnetic layer 164. a first nonmagnetic iayer 165. a third ferromagnetic layer 166, a second nonmagnetic layer 
167, a fourth ferromagnetic layer 16B, a second tunnel Insulator 169, a fifth ferromagnetic layer 170, and a second 
antlferromagnetic layer 171. 

[0074] A magnetic recording layer 172 comprises the second ferromagnetic layer 164, the first nonmagnetic layer 
^5 165, the third ferromagnetic layer 166, the second nonmagnetic layer 167 and the fourth ferromagnetic layer 168, 
sandwiched between the first tunnel insulator 163 and the second tunnel insulator 169. The second and third ferro- 
magnetic layers 164 and 166 are antiferromagnetically coupled through the first nonmagnetic layer 165, and their 
magnetization directions are kept anti-parallel to each other. Similarly, the third and fourth ferromagnetic layers 166 
and 168 are antiferromagnetically coupled through the second nonmagnetic layer 167. and their magnetization direc- 
so Uons are kept anti-parallel to each other. 

[0075] The first ferromagnetic layer 1 62 is exchange-coupled with the first antlferromagnetic layer 161 , and has the 
pinned magnetization in the direction of the arrows shown in the drawing. Similarly, the fifth ferromagnetic layer 170 
is exchange-coupled with the second antlferromagnetic layer 171, and has the pinned magnetization in the same 
magnetization direction as that of the first ferromagnetic layer 1 62. 
ss [0076] In the magnetoresistive element, the magnetization rotation Is perfomied In the direction of the external mag- 
netic field, with keeping the antlferromagnetic coupling among the second to fourth ferromagnetic layer 164, 166, 168, 
when an external magnetic field is applied in a predetermined direction. On the other hand, the first ferromagnetic layer 
1 62 and the fifth ferromagnetic layer 1 70 are pinned by exchange-coupling with the first and second antif erromagnetic 
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layer 1 61 , 1 71 , so that they do not cause magnetrzatlon rotation in the external magnetic field allowing the magnetization 
rolalion of the second to fourth ferromagnetic layer 164, 1 66. 168. Thus, logic M " or logic "0" may be recorded on the 
second to fourth ferromagnetic layers 164, 166, 168. 

[0077] At this time, there Is no increased diamagnetic field in a scaled-down element, since the magnetic flux is 

s confined between the second and third ferromagnetic layers 164 and 166 antrferromagnetically coupled through the 
first nonmagnetic layer 165, and the magnetic flux is confined between the third and fourth ferromagnetic layers 166 
and 168 anliterromagnetically coupled through tho second nonmagnetic layer 167. Therefore, the reversal magnetic 
field Hsw required for the magnetization reversal, hardly depending on the size of the memory ceils, is determined by 
the magnetic coercive force He of the second to fourth ferromagnetic layers 164, 166 and 16B. That is, there may be 

10 high energy conservation effect, since lower He may cause lower Hsw. Assuming that the uniaxial anisotropy Is Ku, 
and the magnetization intensity is M, the magnetic coercive force He may be ideally given as Hc=2Ku/M. Thus, use of 
a material with the low uniaxial anisotropy may realize the object. Moreover, there may be obtained an advantage that 
the recording bits are stable to the disturbing magnetic field, since the magnetic flux is confined in the antlferromag- 
netically coupled second to fourth ferromagnetic layer 164. 166 and 168. 

IS [0075] In the magnetoreslstive element of FIG. 15, since three ferromagnetic layers are included in the magnetic 
recording layer 172, the second and fourth ferromagnetic layers 164 and 16B of the magnetic recording layer 172 have 
the same magnetization direction. In this case, the first ferrdmagnetic layer (magnetization pinned layer) 1 62 opposing 
to the second ferromagnetic layer 1 64 thnsugh the first tunnel insulator 163, and the fifth ferromagnetic layer (magnet- 
ization pinned layer) 170 opposing to the fourth ferromagnetic layer 168 through the second tunnel Insulator 169, also. 

20 have the same magnetization direction. Thus, there may be more options for selection of the antlferromagnetic mate- 
rials, since it suffices to merely use the same material as the first and second antlferromagnetic layers 161 and 171 
and to make the magnetization directions of the fi^t ferromagnetic layer 162 and tfiat of the fifth ferromagnetic layer 
170 to be Identical. 

[0079] It may be preferable that the magnetization value M3 of the third ferromagnetic layer 166 is equal to the total 
zs magnetization value M(2+4) of the magnetization value M2 of the second ferromagnetic layer 1 64 and the magnetization 
value M4 of the fourth ferromagnetic layer 168 in order to effectively confine the magnetic flux in the second to fourth 
ferromagnetic layers 164. 166 and 16B. However, since magnetization rotation of the recording layer becomes difficult 
when M3 is equal to M(2+4), It may be preferable that the above magnetization values are slightly different from each 
other. 

00 [0080] For example, when the second to fourth ferromagnetic layers are made of the same material, the thickness 
T3 of the third ferromagnetic layer 1 66 is made to be different from the total thickness T(2+4) of the second and fourth 
ferromagnetic layers 164 and 166. In this case, it may be preferable that the absolute value of the difference between 
T3 and T{2+4) is within a range from 0.5 nm to 5 nm. 

[0081] It may be possible that the value of M3 is different from that of M(2+4] by using different materials for the 

35 second to fourth ferromagnetic layers 164. 166 and 168. 

[0082] Moreover, it may be also possible that the value of M3 is different from that of M(2+4) by providing other 
ferromagnetic layer in contact with the second to fourth ferromagnetic layer 154, 166 and 168 which are antlferromag- 
netically coupled. A magnetoreslstive element of FiG. 16 has a structure in which the ferromagnetic layer 168b is 
provided In contact with the fourth ferromagnetic layer 168 among the second to fourth ferromagnetic layers 164. 166 

'fO and 1 68 which are antiferromagnelically coupled through the first and second nonmagnetic layers 1 64 and 1 67. In this 
case, if a soft magnetic material such as permalloy, Fe, Co-Fe alloy and Co-Fa-NI alloy is used as ferromagnetic layer 
168b, it may be preferably possible to pertorm the magnetization rotation at a low magnetic field. 
[0083] In the present invenlbn, a magnetic layered film in which the two ferromagnetic layers 162a and 162c are 
antifen'omagnetically coupled through the non-magnetic layer 162b may be used as the Rrsl ferromagnetic layer (mag- 
netlzation pinned layer) 162, and a magnetic layered film in which the two ferromagnetic layers 170a and 170c are 
antiferromagnetically coupled through the non-magnetic layer 170b may be used as the fifth ferromagnetic layer (mag- 
netization pinned layer) 170. In such a structure, the magnetizatk^ns of the first and fifth ferromagnetic layers 162 and 
170 are more stably and firmly pinned. In addition, since a leakage magnetic field from the first and fifth ferromagnetic 
layers 162 and 170 becomes low, there may be controlled magnetic effects on the magnetic recording layer 172, so 

so that recording stability is increased. 

[0084] When memory cells each having the above magnetoreslstive element and a transistor are arrayed, the MRAM 
shown in FIG. 6 may be formed. When memory cells each having the above magnetoreslstive element and a diode 
are arrayed, the MRAM shown in FIG. 8 may be formed, 

[0D85] Half metal such as NiMnSb and Co^MnGe may be used for the material of the second to fourth ferromagnetic 
55 layers 164. 166 and 168. other than Co, Fe. CkJ-Fe alloy, Co-Ni alloy, Co-Fe-Ni alloy, and the like. A higher magne- 
toreslstive effect may be obtained by the use of the half metal, since the half metal has an energy gap in a half ol the 
spin bands, so that a higher reproduction output may be obtained. 

[0086] Moreover, it may be preferable that the second to fourth ferromagnetic layers 164. 166 and 168 have weak 



11 



EP1085 586 A2 



uniaxial anisolropy in an in*planG direction. The uniaxial anisotropy which is too strong causes high magnetic coercive 
force of each ferromagnelic layer lo cause unfavorable switching magnetic field. The Intensity of the uniaxial anisolropy 
may be 10^ erg/cm^ or less, preferably, 10^ erg/cm^ or less. The thickness of each ferromagnetic layer may be 1 to 
10 nm. 

5 [0087] Various kinds of metal such as Cu, Au, Ag. Cr, Ru, Ir, Al and their alloys may be used as materials for Ihe first 
and second nonmagnetic layers 165 and 167 existing between the second to fourth ferromagnetic layers 164, 166 and 
16B. and causing antiferromagnetic coupling. In particular, Cu, Ru, and Ir may be preferable, since strong antiferro- 
magnetic coupfing may be obtained even with a thin thickness. The preferable range of the thk:kness of the nonmagnetic 
layers may be 0.5 to 2 nm. 

10 [0088J As mentioned above, AI203, NiO, silicon oxide, MgO, and the like may be used as materials for the tunnel 
insulator. The preferable range of the thickness of the tunnel insulator may be 0.5 to 3 nm. As mentioned above, FeMn, 
IrMn, PlMn and the like may be used for Ihe antiferromagnetic layers. 

[0089] Then, a magnetoreslstive head using the magneloresistive element of the present invention will be described 
[0090] FIG. 18 is a perspective view of a magnetoreslstive fiead assembly provided with a magneloresistive head 

IS having a ferromagnetic double tunnel iunction element according lo the present invention. An actuator arm 20 1 , being 
provided with a hole to fix it to a fixed axis in the magnetic disk apparatus, comprises a bobbin part holding a driving 
coil (not shown). A suspension 202 Is fixed to one end of Ihe actuator arm 201. A head slider 203 provided with the 
magneloresistive head havrig ferromagnetic double tunnel junction element in each form mentioned above is installed 
at the tip of the suspension 202. fi/)oreover, a lead wire 204 for reading and writing of signals is wired to the suspension 

20 202; one end of the lead wire 204 is connected to each electrode of the magnetoreslstive head installed in the head 
slider 203; and the other end of the lead wire 204 is connected to an electrode pad 205. 

[0091] FIG. 19 is a perspective view of the internal structure of a magnetic disk apparatus provided with the magnetic 
head assembly shown in FIG. 18. A magnetic disk 211 is fixed to a spindle 212, and rotated by a motor (not shown) 
in response to control signals from a driving control part (not shown). The actuator arm 201 of FIG. 18 is fixed lo a 

ss fixed axis 2 1 3, and supports the suspension 202 and the head slider 203 at the tip of the suspension. When the nnagnetic 
disk 211 is rotated, the air-bearing surface of the had slider 203 opposing to the disk is kept in a glided stale from the 
surface of the disk 211 by a predetermined flying height to perform recording and reproducing of information. A voice 
coil motor 214. a kind of a linear motor, Is installed at the proximal end of the actuator arm 201. The voice coil motor 
21 4 is constituted by a driving coll (not shown) wound up around the bobbin part of the actuator arm 201 , and a magnetic 

30 circuit having a permanent magnet arranged opposing to and surrounding the coll and a yoke. The actuator arm 201 
is supported by ball bearings (not shown) provided at two positions of the upper and lower ends of the fixed axis 213, 
and can perform sliding motion by the action of the voice coil motor 214. 

[0092] The first, second and fourth ferromagnetic double tunnel junctbn elements (FIGS. 1 , 2 and 4) may be pref- 
erably used, and Ihe first ferromagnetic double tunnel junction element may be more preferably used for application 
35 of the magneloresistive head Moreover, the spins of the adjoining pinned layer and free layers are preferably perpen- 
dicular to each other by deposition or heat treatment in the magnetk: field for use of the magnetoreslstive head. A linear 
response nnay be obtained for the leakage magnetic field from the magnetic disk with the above structure to have 
applications to any type of head structures. 

40 EMBODIiy4ENTS 

[0093] The embodiments of the present Invention will be described hereinafter. 

Embodiment 1 

45 

[0094] An embodiment, where two kinds of ferromagnelic double tunnel junction elements (sample A, and B) with 
the structure shown in FIG. 1 were formed on a Si/SiOg substrate or SiOg substrate, will be described below. 
[0095] The sample A has a structure sequentially stacked with a TaN underlayer, a first antiferromagnetic layer of a 
two-layered film of Fe-Mn/Ni-Mn. a first ferromagnetic layer of CoFe, a first dielectric layer of AI2O3. a second ferro- 
so magnetic layer of CogFe. a second dielectric layer of AI2O3, a third ferromagnetic layer of CoFe, a second antiferro- 
magnetic layer of a two-layered film of Ni-Fe/Fe-I^n, and a protecliva layer of Ta. 

[0096] The sample B has a stnicture sequentially slacked with a TaN underlayer, a first antiferromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of Co-Fe, a first dielectric layer of AI2O3, a second ferromagnetic layer of a three- 
layered film of CoFe/NI-Fe/CoFe. a second dieleclrlc layer of AlgOg. a third ferromagnetic layer of CoFe. a second 
ss antiferromagnetic layer of Ir-Mn. and a protective layer of Ta. 

[0097] The sample A was made as follows. The substrate was put into a sputtering apparatus. After setting the initial 
pressure al 1 x 10-^ Torr. Ar was introduced into the apparatus and the pressure was set at a predetermined value. 
Then, layers of Ta (5 nm)/Fes4Mn4s (20 nm}/NlaFe2 (5 nm)/CoFe (3 nmj/A^Oa (1-7 nmyCogFe (3 nmyAlgOa (2 nmy 
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CoFq (3 nm)/NiBFe2 (5 nm)/Fes4Mn4s (20 nm)/ra (S nm) were sequentiaify stacked on the substrate. Here, the AI2O3 
layer was formed by depositing At using an Al target in pure Ar gas, by introducing oxygen into the apparatus without 
breaking the vacuume, and then by exposing it to the plasma oxygen. 

[0096] After deposition of the above stacked film, a Hrst resist pattern defining a lower wire shape with a width of 100 
s [xm was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. 

[0099] Next, after removal of the first resist pattern, a second resist pattem defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CogFe /AI2O3 /CoFa /Ni-Fe /Fe-Mn /Ta 
above the first AI2O3 layer ware processed by Ion milling. The AI2O3 layer with a thickness of 300 nm was deposited 
10 by electron beam evaporation, while leaving the second resist pattern, and then the second resist pattern and the A^Os 
layer on the above pattem were lifted off, thereby an interlayer insulation film was formed in regions except the junction 
region. 

[0100] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse^spattered and cleaned. After Al was deposited ailovsr the surface, the third resist pattem and the Al on 
IS the pattern were lifted off, thereby the Al electrode wire was formed. Then, alter introduction into a heat-treating furnace 
in the magnetic field, the uniaxial anisolropy was introduced to the pinned layer. 

[01 01] The sample B was made as follows. The substrate was put into a sputtering apparatus. After setting the initial 
pressure at 1 X 10^^ Torr, Ar was introduced Into the apparatus and the pressure was set at a predetermined value. 
Then, layers of Ta (5 nm)/lr22l^n7a (20 nm)/CoFe (3 nmyAlaOa (1.5 nm)/CoFe (1 nmyNigFea (t nm. t=1, 2, or 3 nm)/ 
20 CoFe (1 nm)/Al203 (1 .8 nm)/CoFe (3 nm)/lr22Mn7Q (20 nm)/Ta (5 nm) wore sequentially stacked on the substrate. Here, 
the AI2O3 layer was formed In a similar manner to the above method. 

[0102] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 1 00 
pm was fonned on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milting. Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
25 on the uppermost Ta protective layer by photolithography, and the layers of CoFe/NleFe2 /CoFe /AlaOs/CoFe /IrajMnye 
/Ta above the first AI2O3 layer were processed by ion milling. Then, in a similar manner to the above, the formatlc»i of 
the AlgOg Interlayer Insulation film, and that of the Al electrode wire, and the Introduction of the uniaxial anisotropy to 
the pinned layer were performed 

[0103] For comparison, samples C and D described in the following were made. 
00 [0104] The sample C is a ferromagnetic single tunnel junction element, and has a stacked structure of la /Ir-Mn 
/CoFe /AI2O3 /CoFe /Ni-Fe /Ta. 

[0105] The sample D is a ferromagnetic double tunnel junction element without an antiferromagnetic layer, and has 
a stacked structure of Ta (5 nm)/CoPl (20 nmj/AlgOa (1 .5 nm)/CoFe (1 nm)/NiBFe2 (3 nm)/CoFe (1 nm)/Al203 (1 .8 nm) 
/CoPt (20 nm)/Ta (5 nm). 

3S [0106] The magnetorasistive cun^ss of the samples A and B are shown in FIG. 20. For the sample A, 27% of an MR 
change was obtained by a low magnetic field of 25 Oe. For the sample B, it is understood that the reversal magnetic 
field may be controlled by changing the thickness ratio between the NigFeg and CoFe layers in the free layer (magnetic 
recording layer). That is, when the thickness of the Nl^Fe^ layer is 1 nm, 2 nm and 3 nm, the resistance is largely 
changed by a k>w magnetic fieki of 1 6 Oe, 36 Oe, and 52 Oe, respectively, to obtain a high MR change of 26% or more. 

40 [0107] FIG. 21 shows applied voltage dependency of the MR change for the samples A, B and C. Here, the MR 
change normalized by the value at OV Is shown in the drawing. The drawing exhibits that the samples A and B have 
a higher voltage of V^/^ at which the MR change is reduced to half, and a lower reduction In the MR change with 
increased voltage, compared to the sample C. 

[0108] Next, the samples A, B and D were put in a solenoid coil, and fatigue tests of the magnetization pinned layer 
in a magnetically recorded state were conducted in a pulse magnetic field of 70 Oe. FIG. 22 shows the relationships 
between the reversal cycles and the output voltage of the pulse magnetic field for the sample A, B and D. In the drawing, 
the output voltage is nomiallzed by an Initial output voltage value. As clearly shown In the drawing, the output voltage 
IS rerrarkably reduced vwth increase in the reversal cycles of the pulse magnetic field, in the case of the sample D. On 
the other hand, there Is found no fatigue in the magnetization pinned layer in a magnetically recorded state in the case 
so of the samples A and B. 

[0109] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 1 shows suitable characteristics for applications to a magnetic memory device and a magnetic head, 
[0110] When SiOg, AIM, MgO, LaAIOa. or CaFg was used for the dielectric layer, the similar tendency to the above 
was found. 

ss 

Embodiment 2 

[0111] /\n embodiment, where two kinds of ferromagnetic double tunnel junction elements (sample /V2, and B2) with 
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the structure shown in FIG. 2 were formed on a SI/SIO2 substrate or SiOa substrate, will be described betow. 
[0112] The sample A2 has a structure sequentially stacked with a TaN underlayer, a first lerromagnetic layer of a 
two-layered film of Ni-Fe/CoFe, a first dielectric layer of AI203, a second ferromagnetic layer of CoFe, an antlferromag- 
netic layer of Ir-Mn, a third ferromagnetic layer of CoFe, a second dielectric layer of PA^O^ a fourth ferromagnetic layer 

5 of a two-layered film of CoFe/Ni-Fe. and a protective layer of Ta. 

[0113] The sample B2 has a stmcture sequentially stacked with a TaN underlayer, a first ferromagnetic layer of a 
three-layered film of Ni-Fe/Ru/CoFe. a first dielectric layer of M^Oq, a second ferromagnetic layer of a two-layered film 
of CoFe/Ni-Fe, a first antif erromagnetic layer of Fa-Mn. a third ferromagnetic layer of a two-stacked Film of Ni-Fe/CoFe, 
a second dielectric layer of AI2O3, a fourth ferromagnetic layer of CoFe/Ru/NI-Fe. and a protective layer of Ta. 

10 [0114] The sample A2 was made as follows. The substrate was put Into a sputtering apparatus. After setting the 
initial pressure all x 10-7 jof^^ Ar was introduced Into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (3 nm^NigiFe^g (t nm. 1=3, 5. or 8 nmyCoFe (1 nrnJ/Al^Oa (1.2 nmyCoFe (1 nmyirgaMnya 
(1 7 nmyCoFe (1 nm)/Al203 (1 .6 nm)/CoFe (1 nm)/NiQi Fe^g (t nm. 1=3. 5, or 8 nm)/Ta (5 nm) were sequentially slacked 
on the substrate. Here, the AI2O3 layer was formed by depositing Al using an Al target in pure Ar gas, by introducing 

IS oxygen into the apparatus without breaking the vacuume. and then by exposing it to the plasma oxygen. 

[0115] After deposition of Ihe above slacked film, a first resist pattern defining a lower wire shape with a width of 100 
|im was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. 

[01 1 6] Next, after removal of the first resist pattern, a second resist pattern deftn ing a junction dimensions was formed 
20 on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Ir-Mn /CoFe /AI2O3 /CoFe /Ni-Fe 

/Ta above the first AI2O3 layer ware processed. The AI2O3 layer with a thickness of 3O0 nm was deposited by electron 

beam evaporation, while leaving the second resist pattern, and then the second resist pattern and the AI2O3 layer on 

the above pattern were lifted off, thereby an interlayer insulation film was formed in regions except the junction region. 

[0117] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
2S was reverse-spattered and cleaned. After Al was deposited allover the surface, the third resist pattern and the Al on 

the pattern were lilted off, thereby the Al electrode wire was formed. Then, after introduction into a heat-treating furnace 

In the magnetic field, (he uniaxial anisotropy was introduced to the pinned layer. 

[0118] The sample B2 was made as follows. The substrate was put into a sputtering apparatus. NXQt setting the 
initial pressure at 1 X 10**^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
30 value. Then, layers of Ta (2 nmyNieiFe^ 9 (6 nm)/Ru (0.7 nm)/Co4Feg (3 nm)/A^03 (1 .5 nm)/CoFe (1 nm)/Nisi Fe-,9 (1 
nm)/Fes4Mn4e (20 nmyNlaiFe^g (1 nm)/CoFe (1 nm^AlaOg (1,7 nm)/Co4Fe6 (3 nm)/Ru (0.7 nmyNieiFe^g (6 nm)/Ta 
(5 nm) were sequentially stacked on the substrate. Here, the AI2O3 layer was formed.ln a similar manner to the above 
method. 

[011 9] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width ol 1 00 
35 was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by Ion 
milling. Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was fomned 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Nqt Fe^g /Fe54Mn46 /NiBiFe^g /CoFe 
/AI2O3 /C04Fe6 /Ru /Nq^Fb^9 /Ta above the first A1203 layer were processed by Ion milling. Then» in a similar manner 
to the above, the formation of the AI2O3 interlayer insulation film, and that of the Al electrode wire, and the introductbn 
•^0 of the uniaxial anisotropy to the pinned layer were performed. 

[0120] For comparison, samples C2 and D2 described in the following were made. 

[0121] The sample C2 Is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (3 nm)/ 
NifliFeig (5 nm)/CoFe (1 nm)/Al203 (1.2 nm)/CoFe (1 nm)/lr22Mn7a (17 nm}/CoFe (1 nm)/Ta (5 nm). 
[01 22] The sample D2 is a ferromagnetic double tunnel junction element without an antif erromagnetic layer, and has 
45 a stacked structure of Ta (3 nm)/Ni8iFei9 (5 nm)/CoFe (1 nm)/Al203 (1.2 nm)/CoF8 (1 nm)/Al203 (1.6 nm)/CoFe (1 
nm)/Ni8iFeig (5 nm)/Ta (5 nm). 

[0123] The magnetoresistive curves of the samples A2 and B2 are shown in FIG. 23. For the sample A2, it is under- 
stood that the reversal magnetic field may be controlled by changing the thk:kness ratio between the Ni3Fe2 and CoFe 
layers in the free layer (magnetic recording layer). That is. when the thickness of the Nl3Fe2 layer is 3 nm, 5 nm and 
so 8 nm, the resistance is largely changed by a low magnetic field of 15 Oe, 26 Oe and 38 Oe, respectively, to obtain a 
high MR change of 26% or more. In the case of the sample B2, the MR change of 26% is obtained by a low magnetic 
field of 39 Oe. 

[0124] FIG. 24 shows applied voltage dependency of the MR change for the samples A2, B2 and C2. Here, the MR 
change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples A2 and 82 have 
55 a higher voltage of \f^Q at which the MR change is reduced to half, and a lower reduction in the MR change with 
increased voltage, compared to the sample C2. 

[0125] Next, the samples A2. 82 and D2 were put in a solenoid coil, and fatigue lasts of the magnetization pinned 
layer In a magnetically recorded state were conducted in a pulse magnetic field of 70 Oe. FIG. 25 ^ows relationships 
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between the reversal cycles and the output voltage of the pulse magnetic field for the sample A2, B2 and D2. As clearly 
shown in the drawing, the output voltage Is remark^ly reduced with increase in the reversal cycles of the pulse mag- 
netic field, in the case of the sample D2. On the other hand, there is found no fatigue in the magnetization pinned layer 
In a magnetically recorded state in the case of the samples A2 and B2. Moreover, in comparison between the samples 
s A2 and 32, there is found less fatigue in the sample B2 using an antiferrcmagnetlcally coupled three-layered structure 
of Co4FeB/flu/Ni5iFo^g for the free layer. 

[01 26] It Is evident from the above that the feromagnetic double tunnel junction element having a structure shown 
in FIG. 2 shows suitable characteristics for applications to a magnetic memory device and a magnetic head. 
[0127] When SiO^i AIN, MgO, LaAIOs, or CaF2 was used lor the dielectric layer, the similar tendency to the above 
10 was found. 

Embodiment 3 

[0128] An embodiment, where two kinds of ferromagnetic double tunnel Junction elements (sample A3, and B3) with 
IS the structure shown In FIG. 3 were formed on a Si/SlOg substrate or SiOg substrate, will be described below. 

[0129] The sample A3 has a structure sequentially stacked with a TaN underlayer. a first antiferromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of Co-Fe, a first dielectric layer of Ai203. a second ferromagnetic layer of Co-Fe-Nt. 
a second antiferromagnelic layer of Fe-Mn. a third ferromagnetic layer of Co-Fe-Nt, a second dielectric layer of AI2O3, 
a fourth ferromagnetic layer of Co-Fe, an third antiferromagnetic layer of Ir-Mn. and a protective layer of Ta. 
20 [0130] The sample 83 has a structure sequentially slacked with a TaN underlayer, a first antiferromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of a three-layered film of Co-Fe/Ru/Co-Fe, a first dielectric layer of AlgOg, a second 
ferromagnetic layer of a two-layered film of CoFe/Ni-Fe, a second antiferromagnetic layer of Fe-Mn, a third ferromag- 
netic layer of a two-layered film of Ni-Fe/CoFe, a second dielectric layer of AI2O3, a fourth ferromagnetic layer of a 
three-layered film of Co-Fe/Ru/Coi-Fe. a third antiferromagnetic layer of Ir-Mn, and a protective layer of Ta. 
25 [0131] The sample A3 was made as follows. The substrate was put Into a sputtering apparatus. After setting the 
initial pressure at 1 X 10'^ Torr. Ar was Introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nrnj/lrgaMnya (18 nm)/CoFe (2 nm)/Al203 (1.7 nmycogFe^N^ (2 nm)/Fe,Mni (17 nm)/ 
Co5FeiNl4 (2 nmJ/AlgOa (2 nmyCoFe (2 nm)/lr22Mn73 (18 nm)/Ta (5 nm) were sequentially slacked on the substrate. 
Here, the AI2O3 layer was formed by depositing Ai using an AI target in pure Ar gas, by introducing oxygen into the 
apparatus without breaking the vacuume, and then by exposing it to the plasma oxygen. 

[01 32] After deposition of the above stacked film, a first resist pattern defining a bwer wire shape with a width of 1 GO 
pm was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by Ion 

milling. 

[0133] Next, after removal of the first resist pattern, a second resist pattern defining a Junction dimensions was formed 
35 on the uppermost Ta protective layer by photolithography, and the layers of CogFei Nl4/Fei Mh-, /CoFeNi4/Al203/CoFe 
/Ir^gVlnjg /Ta above the first AI2O3 layer were processed by ion milling. The AI2O3 layer with a thickness of 350 nm 
was deposited by electron beam evaporation, while leaving the second resist pattern, and then the second resist pattern 
and the AI2O3 layer on the above pattern were lifted off, thereby an interlayer insulation film was formed in regions 
except the junction region. 

40 [01 34] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. After Al was deposited albver the surface, the third resist pattem and the At on 
the pattern were lifted off, thereby the Al electrode wire was formed. Then, after introduction Into a heat-treating f umace 
in the magnetic field, the uniaxial anisotropy was introduced to the pinned layer 

[0135] The sample B3 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1 X lO^^ Torr, Ar was introduced Into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (3 nm)/lr-Mn (14 nm)/Co-Fe (1.5 nm)/Ru (0.7 nm)/Co-Fe (1.5 nmj/AlgOa (1.7 nm)/CoFe (1 
nm)yNiBiFei9 (2 nm)/Fe45Mn55 (19 nmyNia^ Fe^g (2 nm}/CoFe (1 nm)/Alg03 (2,1 nm)/CogFe (2 nm)/Hu (0.8 nm)/CogFe 
(2 nmyir-Mn (14 nm)/Ta (5 nm) were sequentially stacked on the substrate. Here, the AI2O3 layer was formed in a 
similar manner to the above method. 

so [01 36] After deposition of the above stacked film, a first resist pattern defining a lower w/ire shape with a width of 1 00 
jam was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. Next, after removal of the first resist pattern, a second resist pattem defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Nisi Fe-,9 /Fe45Mn55 /Nfe^ Fe^ 9 /CoFe 
/Al203/COgFe /Ru /COgFe/lr-Mn /Ta above the first AI2O3 layer were processed by ion milling. Then, in a similar manner 

S5 to the above, the formation of the AI2O3 Interlayer Insulation film, and that of the Al electrode wire, and the Introduction 
of the uniaxial anisotropy to the pinned layer were performed. 
[0137] For comparison, samples C3 and D3 described in the following were made. 

[0138] The sample 03 is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (3 nm)/ 
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Ir-Mn (14 nm)/Co-F8 (1.5 nmyRu (0.7 nm)/Co-FE (1.5 nmVAIaOa (1.7nm)/CoF8 (1 nm)/NlatFei9 (2 r\n\VFB4sMn^ (19 
nm)/Ta (5 nm). 

[0139] The sample D3 Is a ferromagnetic double tunnel junction element without an antiferromagnetic layer, and has 
a stacked structure of Ta (5 nm)/CoBPl2 (1 5 nm)/CoFe (2 nm)/Al20a (1 .7 nmyCOsFe, N14 (2 nmyAlgOs (2 nm>/CoFe (2 
s nm)/CoaPl2 (15 nm)/ra (5 nm). 

[0140] The magnetoresistivB curves of the samples A3 and B3 are shown In FIG. 26. The sample A3 has 26% of an 
MR change by a low magnetic field of 57 Oe. and the sample B3 has 27% of an MR change by a low magnetic field 
of 63 Oe. 

[0141] FIG. 27 shows applied voltage dependency of the MR change for the samples A3. B3 and C3. Here, the MR 
10 change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples A3 and B3 have 
a higher voltage of \f^^ at which the MR change is reduced to half, and a lower reduction in the MR change with 
increased vollaga, compared to the sample G3. 

[0142] Next, the samples A3, B3 and D3 were put In a solenoid coll. and fatigue tests of the magnetization pinned 
layer in a magnetically recorded state were conducted in a pulse magnetic field of 75 Oe. FIG. 28 shows relationships 

IS between the reversal cycles and the output voltage of the pulse magnetic field for the samples A3. B3 and 03. Here, 
The output voltage is nonmalized with the Initial output voltage. As clearly shown in the drawing, the output voltage is 
remark^ly reduced with increase In the reversal cycles of the pulse magnetic field. In the case of the sample 03. On 
the other hand, there Is found no fatigue In the magnetization pinned layer In a magnetically recorded state in the case 
of the samples A3 and B3. Moreover, in comparison between the sample A3 and B3, there is found less fatigue in the 

20 sample B3 using an antlferromagnetlcally coupled three-layered structure of CogFa/Ru/CogFe for the free layer 

[0143] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
In FIG. 3 shows suitable characteristics for applications to a magnetic memory device and a magnetic head. 
[0144] When SlOg, AIN. MgO, LaAlOg, or CaFg was used for the dielectric layer, the similar tendency to the above 
was found. 

25 

Embodiment 4 

[01 45] An embodiment, where two kinds of ferromagnetic double tunnel junction elements (sample A4. and B4) with 
the structure shown in FIG. 4, or 5 were formed on a Si/Si02 substrate or SDg substrate, will be described below. 
30 [0146] The sample A4 has a structure sequentially stacked with a TaN underlay er. a first antiferromagnetic layer of 
a two-layered film of Ni-Fe/Co-Fe, a first diBleclrlc layer of AI2O3, a second ferromagnetic layer of Co-Fe, a first non- 
magnetic layer of Ru, a third ferromagnetic layer of Co-Fe. a second nonmagnetic layer of Ru, a fourth ferromagnetic 
layer of Co-Fe. a second dielectric layer of AI2O3, a fifth ferromagnetic layer of a two-layered film of Co-Fe/Mi-Fe, and 
a protective layer of Ta. 

35 [0147] The sample B4 has a structure sequentially stacked with a TaN underlayer, a first ferromagnetic layer of a 
two-layered film of Ni-Fe/Co-Fe. a first dielectric layer of AI2O3, a second ferromagnetic layer of Co-Fe, a first nonmag- 
netic layer of Ru, a Co-Fe ferromagnetic layer/an Ir-Mn antiferromagnetkj layer/a Co-Fo ferromagnetic layer, a second 
nonmagnetic layer of Ru, a fourth ferromagnetic layer of Co-Fe. a second dielectric layer of AI2O3, a fifth ferromagnetic 
layer of a two-layered film of CoFe/Ni-Fe, and a protective layer of Ta. 

^0 [0148] The sample A4 Was made as follows. The substrate was put Into a sputtering apparatus. After setting the 
initial pressure at 1 x 10"^ Torr» Ar was Introduced Into the apparatus and the pressure was set at a predetermined 
value. Then, layers of ta (5 nrnVNigiFe^g (16 nm)/Co4Fes (3 nmyAlgOa (1.7 nm)/CoFe (2 nm)/Ru (0.7 nmyCoFe (2 
nm}/Ru (0.7 nmyCoFe (2 nm)/Al203 (2 nm)/C04Fe6 (3 nmyNigiFeig (16 nm)/Ta (5 nm) were sequentially stacked on 
the substrate. Here, the AlgOa layer was formed by depositing Al using an Al target In pure Ar gas, by introducing 
oxygen into the apparatus without breaking the vacuume, and then by exposing it to the plasma oxygen. 
[01 49] After deposilk)n of the above stacked film, a first resist pattern defining a lower wire shape with a width of iOO 
|im was formed on the uppemnost Ta protective layer by photolithography, and the above film was processed by ion 
milling. 

[01 5Cq Next, alter removal of the first resist pattem, a second resist pattern defining a junction dimensions was fomied 
50 on the uppemiost Ta protective layer by photolithography, and the layers of CoFe /Ru /CoFa /Ru /CoFe /AI2O3 /Co4FeB 
/NifliFeig /Ta above the first AI2O3 layer were processed by ion milling. The AI2O3 layer with a thickness of 300 nm 
was deposited by electron beam evaporation, while leaving the second resist pattern, and than the second resist pattern 
and the AlgOg layer on the above pattern were lifted off, thereby an interlayer insulation film was formed in regbns 
except the junction region. 

55 [0151] Than, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. After Al was deposited allover the surface, the third resist pattern and the Al on 
the pattern were lifted off, thereby the Al electrode wire was fomned. Then, after introduction into a heat-treating furriace 
in the magnetic field, the uniaxial anisotropy was introduced to the pinned layer. 
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[0152] The sample B4 was made as follows. The substrate was put into a sputtering apparatus. Alter setting the 
initial pressure at 1 X 10"^ Ton-, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nmyNig^Feig (1 5 nm)/CogFe (2 nrnj/AlpOa (1 ,5 nm)/CoFe (1 .5 nm)/Ru (0.7 nm)/CoFe (1 .5 
nm)/lr-Mn (14 nm)/CoF8 (1.5 nm)/Ru (0.7 nm)/CoFe (1.5 nmy/W^O^ (2 nmyCo^Fe (2 nm)/NjBiFe^g (15 nm)/Ta(5 nm) 

s were sequentially stacked on the substrate. Here, the AI2O3 layer was formed in a similar manner to the above method. 
[01 53] After deposition of the above stacked film, a first resist pattsm defining a lower wire shape with a width of 1 00 
was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. Next, after removal d the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Ru /CoFe /Ir-Mn /Cofe /Ru /CoFe / 

10 AlgOs /CogFe /Nig^ Fe^ 9 /Ta above the first AI2O3 layer were processed by ion milling. Then. In a similar manner to the 
above, the formation of the AI2O3 interlayer insulatbn film, and that of the Al electrode wire, and the Introduction of the 
uniaxial anisotropy to \h& pinned layer were performed. 

[0154] For comparison, samples C4 and D4 described in the following were made. 

[0155] The sample C4 is a ferromagnetic single tunnel function element, and has a stacked structure of Ta (5 nm)/ 
IS NiQ-,Fe-,9 (16 nm)/Co4Fe6 (3 nmyAlaOg (1 .7 nmyCoFe (2 nm)/Ru (0.7 nmyCoFe (2 nm)/Ru (0.7 nmyCoFe (2 nm)/Ta 
(5 nm), 

[0156] The sample CM is a ferromagnetic double tunnel junction element without an antiferromagnetic layer, and has 
a stacked structure of Ta (5 nmyNie^Fe^g (IB nm)/Co4Fe6 (3 nm)/Al203 (1.7 nm)/CoFe (6 nm)/Al203 (2 nm)/Co4Fe6 
(3 nm}/NiBiFei9 (16 nm)/Ta (S nm). 
20 [01 57] The magnetoreslstive curves of the samples A4 and B4 are shown in FIG. 29. The sample A4 has 28% of an 
MR change by a low magnetic field of 33 Oe, and the sample B4 has 26% of an MR change by a bw magnetic field 
oflSOe. 

[0158] RG. 30 shows applied voltage dependency of the MR change for the samples A4, B4 and C4. Here, the MR 
change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples A4 and B4 have 
25 a higher voltage of V^/s at which the MR change is reduced to half, and a lower reduction in the MR change with 
increased voltage, compared to the sample C4. 

[0159] Next, the samples A4, B4 and D4 were put in a solenoid coil, and fatigue tests of the magnetization pinned 
layer in a magnetically recorded slate were conducted in a pulse magnetic field of 40 Oe. FIG. 31 shows relationships 
between the reversal cycles and the output voltage of the pulse magnetic fietd for the samples A4, B4 and D4. Here, 

30 the output voltage is normalized with the initial output voltage. As clearly shown In the drawing, the output voltage is 
remarkably reduced with increase In the reversal cycles of the pulse magnetic field, in the case of the sample D4. On 
the other hand, there is found no fatigue in the magnetization pinned layer in a magnetically recorded state in the case 
of the samples A4 and B4. Moreover, In comparison between the samples A4 and B4, there is found less fatigue in 
the sample B4 using a seven-layered structure of CoFe/le/CoFe/lr-Mn/CoFe/lr/CoFe in which an antiferromagnetic 

35 layer is inserted into a magnetization pinned layers. 

[0160] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 4 shows suitable characteristics for applications to a magnetic memory device and a magnetic head. 
[0161] When Si02, AIN, MgO, LaAJOs, or CaFg was used for the dielectric layer, the similar tendency to the above 
was found. 

40 

Embodiment 5 

[0162] An embodiment, where a ferromagnetic double tunnel junction elements (samples A5 and B5) with the struc- 
ture shown in FIG. 32 was made on a Si/Si02 substrate or Si02 substrate, considering the MRMA of FIG. 7 or FIG. 9, 

45 will be described below. 

[0163] The sample A5 has a structure sequentially stacked with a TalSl underlayer, a first antiferromagnetic layer of 
Fe-Mn, a first ferromagnetic layer of a two-layered film of Ni-Fe/Co-Fe, a first dielectric layer of AI2O3. a second ferro- 
magnetic layer of Cog-Fe, a second dielectric layer of AI2O3, a third ferromagnetic layer of Co-Fe, a bit line (a third 
ferromagnetic layer of Ni-Fe, a second antiferromagnetic layer of Fe-Mn, a metal layer of Al). 

50 [0164] The sample 85 has a structure sequentally stacked with a TaN underlayer, a first antiferromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of Co-Fe, a first dielectric layer of Al^3, a second ferromagnetic layer of a three- 
layered film of Co-Fe/Ni-Fe/Co-Fe, a second dielectric layer of At203, a third ferromagnetic layer of Co-Fe. a bit line 
(a third ferromagnetic layer of Co, a second antiferromagnetic layer of Ir-Mn, a metal layer of Al). 
[01 65] As shown in FIG. 32, both of the samples A5 and 85 have a larger area of the second antiferromagnetic layer 

55 than that of the junction area. 

[01 66] The sample A5 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initiai pressure at 1 X 10~^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nmyFes4Mn46 (18 nm)/NiaFe2 (5 nmyCoFe (2 nmyAlgOa (1.7 nmyCogFe (3 nmyAlgOa (2 
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nm)/CoFe (2 nm)/Ta (5 nm} were sequentially stacked on the substrate. Here, the AI2O3 layer was formed by depositing 
A! using an Al targat in pure Ar gas, by introducing oxygen into the apparatus without brealiing the vacuume, and then 
by exposing it to the plasma oxygen. 

[0167] After deposition of the above stacked film, a first resist pattem definnig a lower wire shape with a widlh of 50 
s )Lim was formed on the uppermost Ta layer by photolithography, and the above film was processed by Ion milling. 
[0168] Next, after removal of the first resist pattem, a electron beam (EB) resist was applied to the uppermost Ta 
layer, and fine processing of each layer above the AI2O3 layer was performed, using an EB lithography apparatus, to 
make ferromagnetic tunnel junction element with a junction area of 1 X 1 ^m^, 0.5 X 0.5 pm^ or 0. 1 5 X 0, 1 5 ^m^. The 
A)203 layer with a thickness of 300 nm was deposited by electrpn beam evaporation, while leaving the EB resist pattern, 
10 and then the EB resist pattem and the AI2O3 layer on the above pattern were lifted off, thereby an interlayer Insulation 
film was formed in regions except the junction region. 

[01 69] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. Further, the Ta layer was removed. Then, NlgFe2 (5 nm)/Fes4Mn46 (18 nm)/AI (5 
nm) were sequentially stacked as the electrode wire of the bit line. The third resist pattern and the electrode wire on 
IS the pattern ware lifted off. Then, after introduction into a heat-treating furnace In the magnetic field, the uniaxial ani* 
sotropy was Introduced to the pinned layer. 

[0170] The sample B5 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1x10-7 Torr. Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta l5jnm)i\r^MnyQ (18 nm)/CoFe (3 nmyAl203 (1.5 nm)/CoFe (1 nmyNlgFea (3 nmyCoFe (1 
20 nm)/Al203 (1 .8 nm)/CoFe (3 nm)/Ta (5 nm) were sequentially stacked on the substrate. Here, the AI203 layer was 
formed in a similar manner to the above method. 

[01 71 ] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 50 
pm was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. 

2S [0172] Next, after removal of the first resist pattem. an electron beam (EB) resist was applied to the uppermost Ta 
layer, and fine processing of each layer above the AI2O3 layer was performed, using an EB lithography apparatus, to 
make ferromagnetic tunnel junction element with a junction area of 1 X 1 pm^, 0.5 X 0.5 pm^ or 0.1 5 X 0.1 S pm^. The 
AI2O3 layer with a ihtekness of 300 nm was deposited by electron beam evaporation, while leaving the second resist 
pattem, and the EB resist pattem and the AI2O3 layer on the above pattern were lifted off. Then, after forming the third 

30 resist pattern covering regions except the region of the electrode wire, the surface was reverse-spattered and cleaned. 
Further, the Ta layer was removed. Then, Co/lr22Mr>7B (IB nm)/AI (5 nm) /Al (5 nm) wore sequentially stacked as the 
electrode wire of the bit line. The third resist pattern and the electrode wire on the pattern were lifted o(f. Then, after 
introduction Into a heat-treating fumace in the magnetic field, the uniaxial anisotropy was Introduced to the pinned layer. 
[0173] For comparison, samples C5, D5 and E5 described in the following were made. 

35 [0174] The sample C5 is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (5 nm)/ 
lr22Mn7a (18 nm)/CoFe (3 nm)/Al203 (1 .5 nm)/CoFe (1 nm)/NigFe2 (3 nm)/CoFe (1 nm)/Ta (5 nm). 
[0175] The sample D5 has the similar stacked structure to that of the sample B5, that is a structure sequentially 
stacked with Ta ((5 nm)/lr22Mn7e (18 nm)/CoFe (3 nm)/Al203 (1.5 nm)/CoFe (1 nm)/NiaFe2 (3 nm)/CoFe (1 nm)/Al203 
(1 .8 nm)/CoFe (3 nm)/lr22Mn7Q (18 nm)/Ta (5 nm). However, the structure is different from that of FIG. 32, that is, it is 

40 processed so that the upper second antlferromagnetic layer of Irl^n (and the Ta protective layer) has the same area 
as that of the junction area. In addition, the bit lines comprise only an Al layer. 

[0176] The sample E5 is a ferromagnetic double tunnel Junction element without an anlif erromagnetic layer, and has 
a slacked structure of Ta (5 nm)/CoFePt (1 3 nm)/Al203 (1 .5 nm)/CoFe (1 nm)/Ni18FE2 (2 nm)/CoFe (1 nm)/Al203 (1 .8 
nm)/CoFePt (13 nm)/Ta (5 nm). 

[0177] The magnetoresistive cun^es of the samples A5 and B5 are shown in FIG. 33. The sample A5 has 28% of an 
MR change by a low magnetic field of 29 Oe. and the sample B5 has 27% of an MR change by a low magnetic field 
of 39 Oe. 

[0178] FIG. 34 shows applied voltage dependency of the f^R change for the samples AS, B5 and C5. Here, the MR 
change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples AS and B5 have 
so a higher voltage of V^yg at which the MR change is reduced to half, and a lower reduction in the MR change with 
Increased voltage, compared to the sample 05. 

[01 79] Next, the samples AS. B5, D5 and E5 were put in a solenoid colt, and fatigue tests of the magnetizatbn pinned 
layer in a magnetically recorded state were conducted in a pulse magnetic field of 70 Oe. FIG, 35 shows relationships 
between the reversal cycles and the output voltage of the pulse magnetic field for the samples A5, B5. D5 and E5. 
ss Here, the output voltage is normalized with the initial output voltage. As clearly shown In the drawing, the output voltage 
Is remarkably reduced with increase In the reversal cycles of (he pulse magnetic field, in the case of the sample E5. 
In the case of D5 shows a tendency to cause much more fatigue as the lower junction area is reduced. It is assumed 
to be a reason that the smaller area causes deterioration of the upper magnetization pinned layer by process damage 
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and the like. On the other hand, there is found no fatigue in the magnetization pinned layer in a magnettcafly recorded 
state in the case of the samples A5 and B5. Thus, it is evident that it is advantageous to have a structure with the upper 
anliferromagnetlc layer as a part of bit lines as shown in FIG. 32. 

[0160] It Is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
s in FIG. 32 shows suitable characteristics for applications to, especially, a magnetic memory device. 

[0181] When Si02. AIN. MgO, LaAI03, or CaF2 was used for the dielectric layer, the similar tendency to the above 
was found. 

Embodiment 6 

10 

[0182] A ferromagnetic double tunnel junction element having a basic structure shown in FIGS. 1 to 4 was made on 
an Sf/5i02 substrate or an Si02 substrate, in a simitar manner to those of the Embodiments 1 to 4. The stacked 
structures of the above elements are shown in Table 1 . Here, any one of Ta. Ti. Ti/Pt, Pt. Ti/Pd, Ta/Pt, Ta/Pd. and TiNx 
was used for the underlayer and the protectivB layer. 

15 [0183] For the above samples, voltage of at which the MR change Is reduced to half, and a ratio of the output 
at 10000 reversal cycles and the Initial output of the free layer (magnetic recording layer) are shown in Table 1. Any 
samples have a higher MR change and a lower reduction in the MF\ change with increased voltage, compared to those 
of the ferromagnetic single tunnel junction element. Moreover, there Is little reduction in the output voltage, and less 
fatigue with repeated magnetization reversal of the free layer (magnetic recording layer). 

20 [01 84] Thus, it is evident that the above elements show suitable characteristics for applications to a magnetoresistive 
head, a sensor, and a magnetic memory device. 
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[0185] Note lhat. in the present invention, atomic diffusion and mixing between layers may be caused. For example, 
ss under strcng spattering, it Is tlicught lhat the atomic difluslon may be caused between a NiFe alloy . layer and a Co- 
based alby layer, or between these layers and a nonmagnetic layer or an antiferromagnetic layer. In addition, it is 
assumed that ^e similar atomic diffusion may be caused by heat treatment, depending on the temperature and time. 
If constituent mateiials for each layer show required magnetic characteristics in the present invention even if such 
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atomic diffusion Is caused and are included in tfie materials defined in the Invention, they may be Included in the scope 
or the present invention. 

Embodiment 7 

5 

[01 86] An embodiment, where three kinds of ferromagnetic double tunnel junction elements (sample T1 , 12 and 13), 
having different thickness of the free layer, with a structure shown In FIG. 1 wore made on a Sl/Si02 substrate or SiOa 
substrate, will be described below. 

[01 87] The sample 71 has a structure sequentially stacked with layers of a TaN underlayer, a first antlferromagnetic 
10 layer of a two-layered film of Fe-Mn/Ni-Fe. a first ferromagnetic layer of CoFe, a first dielectric layer of Al^Og, a second 
ferromagnetic layer of CogFe, a second dielectric layer of AlgOg, a third ferromagnetic layer of CoFe, a second antlf- 
erromagnetic layer of a two-layered film of Nl-Fe/Fe-Mn, and a Ta protective layer, and the free layer that is the second 
ferromagnetic layer of CogFe Is 2.5 nm thick. 

[0188] The sample T1 was made as follows. The substrate was put Into a sputtering apparatus. After setting the 
initial pressure at 1 X 10'^ Torr, Ar was Introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nm)/Fes4Mn45 (20 nrnj/NI^Feg {5 nmyCoFe (3 nm)/Al203 (1,7 nm)/CogFe (2.5 nmyAlgOg 
(2 nm)/CoFe (3 nm)/Ni3Fe2 (5 nm)/Fe54Mn46 (20 nm)/Ta (5 nm) were sequentially stacked on the substrate. Here, the 
AtaOs layer was fomned by depositing A) using an Al target In pure Ar gas. by introducing oxygen into the apparatus 
without breaking the vacuume, and then by exposing it to the plasma oxygen. 

20 [01 89] After deposition of the above stacked film, a resist pattern defining a lower wire shape with a width of 1 00 fim 
was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion milling. 
[0190] Then, after removal of the resist pattern, a 71 hard mask defining a junction dimensions was formed on the 
uppermost Ta protective layer by photolithography and RIE (reactive ion etching), and the layers of Co^Fe /AI2O3 /CoFe 
/NI-Fb /Fe-Mn /Ta above the first AlgOg layer were processed by Ion milling. The junction widthes were variously 

25 changed by the above process. The EB lithography was used for fabricating elements with a junction width 1 ^m or 
less. After forming the resist pattern on the junction region, and deposition of a SIO^ layer with a thickness of 300 nm 
by spattering or plasma CVD. the resist pattern and the Si02 layer on the pattern were lifted off, thereby rntertayer 
insulation film was formed on regions except the junction region. 

[0191] Then, after fomning a resist pattern covering regions except the region of the electrode wire, the surface was 
30 reverse-spattered and cleaned. After Al was deposited albver the surface, the resist pattern and the Al on the pattem 
were lifted off, thereby the At electrode wire was formed. Then, after introduction into a heat-treating furnace in the 
magnetic field, the uniaxial anisotropy was introduced to the pinned layer. 

[0192] The sample T2 has a free layer, the second ferromagnetic layer of CogFe, of 7 nm thick, and It was made in 
a similar manner to that of the sample 1 1 . 
35 [0193] The sample T3 has a free layer, the second ferromagnetic layer of CogFe, of 17 nm thick, and It was made 
in a similar manner to that of the sample 11 . 

[0194] FIG. 36 shows relationships between junction width of the element and reversal magnetic field of the free 
layer for the samples T1 and T2. Here, the horizontal axis is a reciprocal (1/W) of the junction width W, in the drawing. 
As shown in FIG. 36, any of the samples have the more increased reversal magnetic field according to the more 
reduced junction width. That is, in the application of the MFiAM, there may be the more increased power consumptbn 
for writing, according to the more reduced junction width. However, In the case of the sample Tl having a thin free 
layer, the Inclination of the straight line Is gentle, and the Increase of the reversal magnetic field according to the reduced 
junctfon width may be controlled. On the other hand, in the case of the samples T2 and T3 having a relalively thick 
free layer, the increase of the reversal magnetic field according to the reduced junction width is remarkable, and in the 

^5 application of the MRAt^, the power consumption for writing is likely to be remarkably increased. Here, taking up 
elements with a junction width of 0.25 jam (1 /W=4) obtained by a currant processing technology, the reversal magnetic 
fields will be compared. In the case of the sample T1 , the reversal magnetic field is lower than 1 00 Oe, and further fine 
processing may be realized. On the other hand, in the case of the samples T2 and T3. the reversal magnetic field 
exceeds 100 Oe, and the further fine processing may be difficult, since the power consumption for writing is already 

50 high in the application of the MRAM. 

[0195] FIG. 37 shows applied voltage dependency of the MB change for the samples T1 , T2 and T3. Here, the MR 
change normalized by the value at OV is shown In tiie drawing. In the case of the sample T1 having a thin free layer, 
a bias voltage of V^^g, at which the MR change Is reduced to half, exceeds 0.9V to control the bias voltage dependency 
On the other hand, in the case of the samples T2 andT3 having athick free layer, the bias dependency is low compared 

55 to that of a ferromagnetic single tunnel junction element, but the V^yg is less than 0,BV. That Is, they are clearly inferior 
to the sample Tl. 

[0196] It is evident from FIGS. 36 and 37 that the thinner free layer causes the more controlled increase according 
to finer junction and improvement of the bias voltage dependency. When the thickness of the free layer is 5 nm or less. 
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the reversal magnetic field may be controlled to 100 Oe or less in the case of the element by 0.25 \m rule, and the 
bias dependency of the MR change may be improved. However, when the thickness of a free layer becomes less than 
1 nm, the free layer is not made a continuous film, and likely to be a so-called granular structure in which ferromagnetic 
particles are dispersed in a dielectric layer. Thus, It may be difficult to control the junction characteristics, and, depending 
s on the size of the fine particles, they may be in a superparamagnetic state at a room temperature to causa remarkable 
reduction In the MR change. Therefore, the thickness of the tree layer may be preferably 1 to 5 nm. 

Embodiment B 

10 [0197] An embodiment, where an MRAM with a structure shown in FIG. 14 was made on a Si/Si02 substrate. SiO^ 
was deposited on a Si substrate 1 51 by plasma CVD. A word line 152 was formed using a damascene process. That 
Is, after application of a resist, a resist pattern was formed with photolithography, trenches were processed on the SiOg 
by the RIE, Cu was embedded into the trenches using the plating, and flattening was performed by CMP to fonn the 
word line 152. Then, a SiO^ interlayer insulation film with a thickness of 250 nm was formed on the word line 152 by 

IS plasma CVD. 

[0198] The sanriple was put into a sputtering apparatus. After setting the initial pressure at 1 X 10'^ Torr. Ar was 
Introduced into the apparatus and the pressure was set at a predetennined value. Then, layers of a TaN underlayer/ 
Cu (50 nm)/Nle|Fa,9 (5 nm)/lr22Mn7e (12 nmyCo^^fe^Q (3 nmyAlgOg (1 nmyCogoFeio (2 nrnVNIaTFoi^ (1 nm)/ 
CogQFajo (2 nm)/Ru (0.9 nmyCo^o^e^o (2 nmyNiaiFcig (1 nmyCogoFe^o (2 nm)/Al203 (1 nmyCoaoFego (3 nm)/Ru 
so (0.9 nm)/CogQFe2o/lr22Mn7Q (12 nmyNlaiFeig (5 nm)/Au protectfon film were slacked on the SiOg interlayer insulation 
film. The AI2O3 layer was formed by depositing Al ushg an Al target In pure Ar gas, by Introducing oxygen into the 
apparatus without breaking the vacuume, and then by exposing it to the plasma oxygen. 

[0199] After deposition of a Si3N4 layer on the abovB layered film and application of a resist, a resist pattern was 
formed by photolithography to form a hard mask defining a metal wire 1 53 by RIE. Then, ion milling was perfomied to 

25 process the stacked film. After that, the resist pattern was removed. 

[0200] Next, the resist was applied, a resist pattern defining a junction dimensions was formed by photolithography 
Then, the films above the first AI2O3 layer were processed by ion milling, thereby the TMR element was formed. All 
the cell size of the TMR elements was set to 0.4 X 0.4 iirrfi. After that, the resist pattern was removed. 
[0201] Next, after deposition of an SiO^ interlayer insulation film by plasma CVD. the flattening was performed by 

30 polishing it to a thickness of 250 nm by CMP Cu and an Insulation film and Cu were stacked allover the surface. A 
SI3N4 film was deposited on the stacked film. After application of the resist, a resist pattern was formed by photolithog- 
raphy. After forming a hard mask by RIE, ion milling was performed to form a bit line 154, interlayer insulation layer 
155 and the second word line 156. Then, after introduction into a heat-treating furnace in the magnetic field, uniaxial 
anisolropy was Introduced to the magnetic recording layer, and unkdirecttonal anisotropy to the magnetization pinned 

35 layer. 

[0202] Writing was performed on the obtained MRAM by the foilovinng three methods. 

(1) A method in which, while injecting the sph current of 1 mA into the TMR element, current pulses of 10 nsec is 
flowed in the word line 1 52 and the second word line 1 56 to apply a current magnetic field in an easy axis direcljon 

40 and hard axis direction of the magnetic recording layer 115. 

(2) A method in which only injection of the spin current into the TMR element Is performed. 

(3) A method in which current pulses of lOnsec is flowed in the word line 152 and ttie second word line 156 to 
apply a current magnetic field in an easy axis direction and hard axis direction of the magnetic recording layer 115. 

"ts [0203] The current pulse to apply current magnetic field in a hard axis direction of the magnetic recording layer 115 
was set to constantly be 10 nsec and 3 mA. 

[0204] The magnetization reversal of the magnetic recording layer 115 was decided by applying a direct current to 
the TMR cell alter writing, and checking whether there was a change in the output voltage. 
[0205] In the method of (2) in which only injection of a spin current Into the TMR element Is performed, there was 
so found no magnetization reversal even when the current was increased to 10mA. In the method of (3) in which the 
current magnetic field is applied in the direction of an easy axis and that of a hard axis of the magnetic recording layer 
115, the current for applying the current magnetic field in the easy axis direction of magnetic recording layer 115 was 
required to be increased to 4.3 mA to cause the magnetization reversal. 

[0206] On the other hand, according to the method of (1 ). when a current for applying the current magnetic field in 
55 an easy axis direction of the magnetic recording layer 115 was increased while injecting a spin cun*ent of 1 mA, it was 
confimied that the magnetization reversal of the magnetic recording layer 115 was attained at a current of 2.6 mA. 
Moreover, it was found that repealed magnetization reversal of the magnetic recording layer 115 could be attained at 
the ^ove low current, by changing the direction of the current for applying the current magnetic field in an easy axis 
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direction of the magnetic recording layer 115 and that of tlie spin current flowing in the TMR element. 
[0207] Thus, a suitable structure for injection of the spin current may be realized, and the current flowing in the wire 
for applying a current magnetic field and the current flowing in the TMR element may be reduced, if the structure of 
the MRAM and the writing method according to the present embodiments are used. Therefore, the melting of wire or 
s the destruction of the tunnel barrier layer may be controlled to improve the reliability, even when the wire width and 
the size of TMR element are more reduced with higher density of the MRAM. 

Embodiment 9 

10 [0208] An embodiment, where a magnetoresislive element with a structure shown in FIG. 16 was rnade^ will be 
described. On a thermal oxidized SI substrate 151, an underlayerof Ta (10 nm}/NiFe (10 nm), afirst antilerromagnetic 
layer 161 of IrMn (50 nm), a fist ferromagnetic layer 162 of CogFe (1.5 nm), a first tunnel insulator 163 of Al^Q^ (1.5 
nm), a second ferromagnetic layer 164 of CogFa (1 .5 nm). a first nonmagnetic layer 1 65 of Ru (0.8 nm), a third ferro- 
magnetic layer 166 of CogFe (1 .5 nm), a second nonmagnetic layer 167 of Ru (0.8 nm), a ferromagnetic layer 1 6Bb of 

IS NiFe (2.0 nm), a fourth ferromagnetic layer 168 of CogPe (1 .5 nm), a second tunnel insulator 1 69 of fi<\z^z (1 "^n). ^ 
fifth ferromagnetic layer 170 of CogFe (1.5 nm), and a second antiferromagnetic layer 171 of IrMn (50 nm) were se- 
quentially stacked using a magnetron spattering apparatus, in this element, the second ferromagnetic layer 164, the 
first nonmagnetic layer 165, the third ferromagnetic layer 166. the second nonmagnetic layer 167, the ferromagnetic 
layer 1 68b and the fourth ferromagnetic layer 168 constitute the magnetic recording layer 1 72. In the magnetic recording 

so layer 172. the second and third ferromagnetic layers 1 64, 1 66 are antilerromagnetfcally coupled through the first non- 
magnetic layer 165, and the third and fourth ferromagnetic layers 166 and 168 are antiferromagnetlcally coupled 
through the second nonmagnetic layer 167. The NiFe ferromagnetic layer 16Bb Is provided so that the magnetization 
value M3 of the third ferromagnetic layer 166 and the total magnetization values M(24-4) of the second and fourth 
ferromagnetic layers 164 and 168 are made different from each other. 

25 [0209] All the films were formed without breaking the vacuume. AI2O3 constituting the first and second tunnel insu- 
lators 163 and 169 was formed by plasma oxidation after spattering of Al metal. The underlayer. the first antifen-omag- 
netic layer 161 and the first ferromagnetic layer 162 were deposited through a mask with an opening having a lower 
wire sfiape with a width of 1 00 )im. Al to be converted to the first tunnel insulator 163 was deposited through a mask 
with an opening having a shape of the junction. Each layer above the first tunnel insulator 1 63 was deposited through 

90 a niask with an opening having a shape of the upper wire with a width of lOO^im extending In the direction perpendicular 
to the bwer wire. In the above processing, the above masks were exchanged In the vacuum chamber. Thus, the junction 
area was made 100 X 100 iisrfi. The uniaxial anisotropy was introduced In the film surface by applying the magnetic 
field of 1 00 Oe at deposition 

[021 0] It was observed from the measurements of the magnetic resistance for the above magnetoresislive elements, 
OS using the four-terminal method, that there was 22% of an MR change under a low switching magnetic fiekJ of about 
10 Oe, respectively. 

Embodiment 10 

^0 [0211] Magnetoresislive elements with smaller junction area than that of the Embodiment 9, and with the similar 
stacked structure to that of the Embodiment 9 by fine processing using the photolithography were made. The area of 
the tunnel junction was made 5X5 \mfi, 1 x 1 ^un^, or 0.4 X 0.4 ^m2. 

[021 2] It was observed from the measurements of the magnetic resistance for the above magneloresistive elements, 
using the four-terminal method, that there was an MR change under a low switching magnetic field of 12 Oe, 25 Oe, 
and 35 Oe, respectively. There was no remarkable increase in the switching magnetic field even under he small junctbn 
area as shown above. The reason Is supposed to be that, the generated diamagnetic field does not depend on the 
element size so much, as layered magnetic films antiferromagnetlcally coupled are used for the magnetic recording 
layer. 

so 

Claims 

1. A magnetoresislive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first antiferromagnetic layer (11)/a first ferromagnetic layer (12)/a first dielectric layer (13]/a second 
S5 ferromagnetic layer (14)/a second dielectric layer (1 sya third ferromagnetic layer (16)/a second antiferromagnetic 
layer (17); and 

the second ferromagnetic layer (14) consisting of a Co43ased alloy or a three-layered film of a Co-based 
alloy/a Nl-Fe alloy/a Co-based alloy. 
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2. The magnetoresisUve element according to claim 1 , characterized in that a thickness of the Co-based alloy or the 
three-layered Him of the Co-based alloyAhe Ni<Fe alloy/the Co-based alloy Is 1 to 5 nm. 

3. A magnetic memory device, characlerized m that memory cells each comprising the magnetoresistive element 
according to claim 1 and a transistor or a diode are arrayed. 

4. The magnetic memory device according to claim 3, characterized in that at least the uppermost antiferromagnetic 
iayer of the magnetoresistive element constitutes a part of a bit line. 

5. A magnetoresistive element characlerized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first fen-omagnetic layer (21 ya first dielectric layer {22)/a second ferronrjagnelic layer (23)ya first 
anUferromagnetic layer (24Va third dielectric iayer (25)/a second dielectric layer (2e}/a fourth fermmagnetic layer 
(27): and 

the first and fourth ferromagnetic layers (21. 27) consisting of a Co-based alloy or a three-layered film of a 
Co-based alloy/a Ni-Fe alloy/a Co-based alloy 

6. The magnetoresistive element according to claim 5, characterized in that a thickness of the Co-based alloy or the 
three-layered fBm of the Co-based altoyAhe Ni-Fe alloy/the Co-based alloy Is 1 to 5 nm. 

7. A magnetic memory device, characterized in that memory cells each comprising the ma^eloresistive element 
according to claim 5 and a transistor or a diode are arrayed. 

8. A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first antiferromagnetic layer (31 )/a first ferromagnetic iayer (32)/a first dielectric layer (33)/a second 
ferronnagnBtfe layer (34)/a second antiferromagnetic layer (35)/a third ferromagnetic layer (36)/a second dielectnc 
layer (37)/a fourth ferromagnetic layer (38)/a third antiferromagnetic layer (39); and 

the first and fourth ferromagnetic layers (32, 38) or the second and third ferromagnetic layers (34, 36) con- 
sisting of a Co-based alloy or a three-layered film of a Co*based alby/a Nl-Fe alloy/a Co-based alloy. 

9. The magnetoresistive element according to claim 8, characterized in that a thickness of the Co-based alloy or the 
three-layered film of the Co-based alloy/the Ni-Fe altoy/the Co-based alloy is 1 to 5 nm. 

10. A magnelic memory device, characterized in that memory cells each comprising the magnetoresistive element 
according to claim 8 and a transistor or a diode are arrayed. 

11. A magnelic memory device according to claim 10, characterized in that at least the uppermost antiferromagnetic 
layer of the magnetoresistive element constitutes a part ol a bit line. 

12. A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first ferromagnetic layer (4i ya first dielectric layer (42)/a second ferromagnetic layer (43)/a first 
nonmagnetic layer (44)/a third ferromagnetic layer {45)/a second nonnragnetic layer (46)/a fourth ferronrragnetic 
layer {47)/a second dielectric layer (48)/a fifth ferromagnetic layer (49); 

the second, third and fourth ferromagnetic layers (43. 45, 47) adjacent to each other being antif erromagnetically 
coupled through the nonmagnetic layers; and 

Ihe first and fifth ferronnagnetic layers (41 , 49) consisting of a Co-based alloy or a three-layered film of a Co- 
based alloy/a Ni-Fe alloy/a Co-based alloy 

13. The magnetoresistive element according to claim 12. characterized in that a thickness of the Co-based alloy or 
the three-layered film of the Co-based alloyAhe Ni-Fe alloy/the Co-based alloy is 1 to 5 nm. 

14. A magnatfc memory device, characlerized in that memory cells each comprising the magnetoresistive element 
according to claim 12 and a transistor or a diode are arrayed. 

15. A magnetic msmory device characterized by comprising a first magnetization pinned Igyer whose magnetization 
direction is pinned (103). a first dielectric layer (104), a magneUc recording layer (105) whose magnetizatbn di- 
rection is reversible, a second dielectric layer (106), and a second magnetization pinned layer (107) whose mag- 
netization direction is pinned; 
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the magnetic recording tayer (105) comprising a three-layered film of a magnetic layer (1 05a). a nonmagnetic 
layer (105b) and a magnetic layer (105c), the two magnetic layers constituting the three-layered film being 
anti-ferromagnetically coupled; and 

magnetization directions of the two magnetization pinned layers in regions in contact with the dieiectric layer 
being substantially anti-parallel to each other. 

1 6. A method for writing information to the magnetic memory device according to claim 1 5, characterized by comprising 
steps of: supplying the magnetic recording fayer (1 05) with a spin current through the first or second magnetization 
pinned layer (103, 107); and flowing a current in a wire for writing so as to apply a current magnetic field to the 
magnetic recording layer (105). 

17. A magnetic memory device characterized by comprising a first magnetization pinned layer (11 3) whose magneti- 
zation direction is pinned, a first dielectric fayer (114), a magnetic recording layer (115) whose magnetization di- 
rection is reversible, a second dielectric layer (116), and a second magnetization pinned layer (117) whose mag- 
netization direction is pinned; 

the magnetic recording layer (115) comprising a three-layered film ol a magnetic layer (11 5a), a nonmagnetic 
layer (115b) and a magnetic layer (115c). the two niagnetlc layers constituting the three-layered film being 
antiferromagnetrcaliy coupled; 

the second magnetization pinned layer (117) comprising a three-layered film of a magnetic layer (117a), a 
nonmagnetic layer (117b) and a magnetic layer (117c). the two magnetic layers constituting the three-layered 
film being antlferromagneticatty coupled; 

a length of the first magnetizalton pinned layer (113) being formed longer than those of the second magneti- 
zation pinned layer (117) and the magnetic recording fayer (115); and 

magnetization directions of the two magnetization pinned layers (113, 117) in regions in contact with the die- 
lectrb layer being substantially antl-parallei to each other. 

18. A magnetoreslstive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first antiferromagnetic layer (161 )/a first ferromagnetic layer (162)/a first tunnel insulator (163)/a 
second ferromagnetic layer (1 64)/a first nonmagnetic layer (1 65)/a third ferromagnetic layer (1 66)/a second non- 
magnetic layer (167)/a fourth ferromagnetic layer (168)/a second tunnel insulator (169)/a fifth ferromagnetic layer 
(1 70}/a second antiferromagnetic layer (1 71 ); 

the second and third ferromagnetic layers (164, IBB) being antiferromagnetically coupled through a first non- 
magnetic layer (1 65); and 

the third and fourth ferromagnetic layers (166, 168) being antiferromagnetically coupled through a second 
nonmagnetic layer (167). 

19. A magnetic memory device, characterized in that memory cells each comprising the magnetoreslstive element 
according to claim 18 and a transistor or a diode are arrayed. 
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